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 ďƐƚƌĂĐƚ 
KŶĞŽĨƚŚĞŵĂũŽƌchallenges in conventionalŝŶĐƌĞŵĞŶƚĂůƐŚĞĞƚĨŽƌŵŝŶŐ ?/^& ?is the extreme sheet 
thinning resulted in an uneven thickness distribution of formed part. This is also the case for 
incrementally formed parts with hole-flanging features. dŽŽǀĞƌĐŽŵĞƚŚŝƐƉƌŽďůĞŵ ?ĂŶĞǁ/^&ďĂƐĞĚ
ŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐŝŶŐŵĞƚŚŽĚ ŝƐƉƌŽƉŽƐĞĚďǇĚĞǀĞůŽƉŝŶŐĂŶĞǁ/^&ĨůĂŶŐŝŶŐƚŽŽů ?ŽŵƉĂƌĂƚŝǀĞ
ƐƚƵĚŝĞƐĂƌĞĐŽŶĚƵĐƚĞĚďǇƉĞƌĨŽƌŵŝŶŐŚŽůĞ ?ĨůĂŶŐŝŶŐƚĞƐƚƐƵƐŝŶŐďŽƚŚ/^&ĐŽŶǀĞŶƚŝŽŶĂůďĂůů ?ŶŽƐĞƚŽŽů
ĂŶĚƚŚĞŶĞǁĨůĂŶŐŝŶŐƚŽŽůƚŽĞǀĂůƵĂƚĞƚŚĞƐŚĞĞƚĚĞĨŽƌŵĂƚŝŽŶďĞŚĂǀŝŽƌĂŶĚƚŚĞƋƵĂůŝƚǇŽĨƚŚĞĨŝŶĂů
ƉĂƌƚ ?^ƚƌĞƐƐĚŝƐƚƌŝďƵƚŝŽŶĂŶĚƐƚƌĂŝŶǀĂƌŝĂƚŝŽŶĂƌĞŝŶǀĞƐƚŝŐĂƚĞĚďǇĂŶĂůǇƚŝĐĂůĂƉƉƌŽĂĐŚĂŶĚŶƵŵĞƌŝĐĂů
ƐŝŵƵůĂƚŝŽŶ ?ǆƉĞƌŝŵĞŶƚƐ ŚĂǀĞ ďĞĞŶ ĐŽŶĚƵĐƚĞĚ ƚŽ ǀĂůŝĚĂƚĞ ƚŚĞ ĂŶĂůǇƚŝĐĂů ŵŽĚĞů ĂŶĚ ƐŝŵƵůĂƚŝŽŶ
ƌĞƐƵůƚƐ ?ĂŶĚƚŽĨƵƌƚŚĞƌƐƚƵĚǇƚŚĞĨƌĂĐƚƵƌĞďĞŚĂǀŝŽƌ ?ZĞƐƵůƚƐƐŚŽǁƚŚĂƚƚŚĞŶĞǁĨůĂŶŐŝŶŐƚŽŽůŐĞŶĞƌĂƚĞƐ
ŐƌĞĂƚĞƌ ŵĞƌŝĚŝŽŶĂů ďĞŶĚŝŶŐ ƚŚĂŶ ƐƚƌĞƚĐŚŝŶŐ ĚĞĨŽƌŵĂƚŝŽŶ ŝŶ ĐŽŶǀĞŶƚŝŽŶĂů /^& ? dŚĞ ĐŽŵďŝŶĂƚŝŽŶ ŽĨ
ďĞŶĚŝŶŐ ?ĚŽŵŝŶĂƚĞĚ ĚĞĨŽƌŵĂƚŝŽŶ ŵŽĚĞ ǁŝƚŚ ůŽĐĂůŝǌĞĚ ĚĞĨŽƌŵĂƚŝŽŶ ŽĨ /^& ĞŶƐƵƌĞƐ ŵŽƌĞ ƵŶŝĨŽƌŵ
ƚŚŝĐŬŶĞƐƐĚŝƐƚƌŝďƵƚŝŽŶŽŶŚŽůĞ ?ĨůĂŶŐŝŶŐƉĂƌƚǁŝƚŚďĞƚĞƌƌĞƐŝƐƚĂŶĐĞƚŽĨƌĂĐƚƵƌĞ ?  
 
<ĞǇǁŽƌĚ ?ŝŶĐƌĞŵĞŶƚĂůƐŚĞĞƚĨŽƌŵŝŶŐ ?ŚŽůĞ ?ĨůĂŶŐŝŶŐ ?ƚŽŽůƉĂƚŚ ?ĨůĂŶŐŝŶŐƚŽŽů ? 
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1ˊ /ŶƚƌŽĚƵĐƚŝŽŶ 
,ŽůĞ ?ĨůĂŶŐŝŶŐŝƐĂƚǇƉŝĐĂůƐŚĞĞƚĨŽƌŵŝŶŐƉƌŽĐĞƐƐ to produce flange features on sheet metal parts. In the 
conventional hole-flanging process,ĂƐŚĞĞƚŵĞƚĂůďůĂŶŬŽƌĐŽŵƉŽŶĞŶƚǁŝƚŚĂƐŵĂůůƉƌĞ ?ĐƵƚŚŽůĞŝƐƉƵŶĐŚĞĚ
ƚŽĨŽƌŵĂĐǇůŝŶĚƌŝĐĂůŽƌĐŽŶŝĐĂůĨůĂŶŐĞ ?dŚŝƐƉƌŽĐĞƐƐŝŶǀŽůǀĞƐƐŚĞĞƚďĞŶĚŝŶŐĂŶĚƐƚƌĞƚĐŚŝŶŐĚĞĨŽƌŵĂƚŝŽŶůŽĐĂůůǇ
ĂƌŽƵŶĚƚŚĞƉƌĞ ?ĐƵƚŚŽůĞ ?ŽŶǀĞŶƚŝŽŶĂůŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐŚĂƐďĞĞŶĞǆƚĞŶƐŝǀĞůǇƐƚƵĚŝĞĚĂŶĚǁĞůůĚĞǀĞůŽƉĞĚ ?
dŚĞĞĂƌůŝĞƌŝŶǀĞƐƚŝŐĂƚŝŽŶŽŶƚŚŝƐƉƌŽĐĞƐƐĐĂŶďĞƚƌĂĐĞĚďĂĐŬƚŽůĂƚĞ ? ? ? ?Ɛ ?ĂůĚŝŶĞƚĂů ? ? ? ?ŝŶǀĞƐƚŝŐĂƚĞĚƚŚĞ
ĨůĂŶŐŝŶŐĐŽĞĨĨŝĐŝĞŶƚ ?ĨŽƌŵŝŶŐůŽĂĚĂŶĚĐŚĂŶŐĞŽĨŵĂƚĞƌŝĂůŵŝĐƌŽƐƚƌƵĐƚƵƌĞŝŶƚŚĞŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐ ?^ŝŶĐĞ
 ? ? ? ?Ɛ ?ǀĂƌŝŽƵƐĨůĂŶŐŝŶŐƉƌŽĐĞƐƐŚĂǀĞďĞĞŶĚĞǀĞůŽƉĞĚ ?:ŽŚŶƐŽŶĞƚĂů ? ? ? ?ƌĞƉŽƌƚĞĚĂƋƵĂƐŝ ?ƐƚĂƚŝĐĚƌŝĨƚŝŶŐĂŶĚ
ƉƵŶĐŚŝŶŐƉƌŽĐĞƐƐĨŽƌŚŽůĞ ?ĨůĂŶŐŝŶŐ ?ƚŚĞƐŚĞĞƚŵĞƚĂůĚĞĨŽƌŵĂƚŝŽŶďĞŚĂǀŝŽƌĂŶĚƚŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐĨŽƌŵŝŶŐ
ůŽĂĚ ǁĞƌĞ ŝŶǀĞƐƚŝŐĂƚĞĚ ƵƐŝŶŐ ƉƵŶĐŚĞƐ ǁŝƚŚ ĚŝĨĨĞƌĞŶƚ ŚĞĂĚ ƐŚĂƉĞƐ ?<ƵŵĂŐĂŝ ĂŶĚ ^ĂŝŬŝ  ? ? ? ŝŶǀĞƐƚŝŐĂƚĞĚ Ă
ĐŽŵďŝŶĞĚŚŽůĞ ?ĨůĂŶŐŝŶŐĂŶĚŝƌŽŶŝŶŐƉƌŽĐĞƐƐĨŽƌƚŚŝĐŬƐŚĞĞƚŵĞƚĂůƐ ?<ƵŵĂŐĂŝĞƚĂů ? ? ? ?ĂůƐŽĚĞǀĞůŽƉĞĚĂŚŽůĞ ?
ĨůĂŶŐŝŶŐĂŶĚŝƌŽŶŝŶŐƉƌŽĐĞƐƐĨŽƌƐŚĞĞƚŵĞƚĂůŵĂĚĞŽĨů ?Ƶďŝ ?ŵĞƚĂůůŝĐƐŚĞĞƚŵĞƚĂůůĂǇĞƌƐ ?tŽƌƐǁŝĐŬĂŶĚ&ŝŶŶ
 ? ? ?ĚĞǀĞůŽƉĞĚĂŶĞǁĨůĂŶŐŝŶŐŵĞƚŚŽĚďǇĂƐƚƌĞƚĐŚŝŶŐƉƌŽĐĞƐƐĂŶĚĐŽŵƉĂƌĞĚƚŚĞ “ƐŝŵƉůĞƐƚƌĞƚĐŚĨůĂŶŐĞ ?ǁŝƚŚ
ƚŚĞ “ǌƐƚƌĞƚĐŚĨůĂŶŐĞ ?ƉƌŽĐĞƐƐ ?/ƚǁĂƐĨŽƵŶĚƚŚĂƚƚŚĞŶĞĐŬŝŶŐŝŶƐƚĂďŝůŝƚŝĞƐŽĐĐƵƌƌĞĚĂƚůŽǁĞƌƐƚƌĂŝŶǀĂůƵĞƐŝŶƚŚĞ
ǌ ?ĨůĂŶŐĞƉƌŽĐĞƐƐĂƐĐŽŵƉĂƌĞĚǁŝƚŚƚŚĞƐŝŵƉůĞƐƚƌĞƚĐŚĨůĂŶŐĞƉƌŽĐĞƐƐ ?'ƌŽĐŚĞĂŶĚƌŚĂƌĚƚ ? ? ?ŝŶƚƌŽĚƵĐĞĚůĂƐĞƌ
ŚĞĂƚŝŶŐŝŶƚŽŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐƚŽŝŵƉƌŽǀĞƚŚĞĨŽƌŵĂďŝůŝƚǇŽĨŵĂŐŶĞƐŝƵŵĂŶĚĂůƵŵŝŶƵŵĂůůŽǇƐ ? 
The above studies mainly focused on traditional hole-flanging process, in which the punch is statically 
fixed on the ram of a press. Other technologies with rotating punch have also been developed, ďǇƵƚŝůŝǌŝŶŐ
ƚŚĞƚŚĞƌŵĂůĞĨĨĞĐƚ ?,ĞĂĚĞƚĂů ? ? ? ?ƉĂƚĞŶƚĞĚĂĨůŽǁĚƌŝůůŝŶŐƉƌŽĐĞƐƐƚŽĐƌĞĂƚĞŚŽůĞƐǁŝƚŚďƵƐŚŝŶŐŝŶƐŚĞĞƚŵĞƚĂů ?
dŚŝƐƚĞĐŚŶŽůŽŐǇǁĂƐƉĂƌƚŝĐƵůĂƌůǇƐƵŝƚĂďůĞĨŽƌƚŚĞĨĂďƌŝĐĂƚŝŽŶŽĨƚŚŝŶƐŚĞĞƚƐŽƌƚƵďĞƐǁŝƚŚŽƵƚďĂĐŬŝŶŐƐƵƉƉŽƌƚ ?
DŝůůĞƌĂŶĚ^ŚŝŚ ? ? ?ĨƵƌƚŚĞƌƐƚƵĚŝĞĚƚŚŝƐĨůŽǁĚƌŝůůŝŶŐƉƌŽĐĞƐƐďǇŵĞĂƐƵƌŝŶŐĨŽƌŵŝŶŐůŽĂĚ ?ƚŽŽůǁĞĂƌĂŶĚĨŝŶĂů
ŵŝĐƌŽƐƚƌƵĐƚƵƌĞ ŝŶ ƚŚĞ ƐŚĞĞƚ ŵĞƚĂů ƉĂƌƚ ?ůůǁŽŽĚ ĂŶĚ ^ŚŽƵůĞƌ  ? ? ? ĚĞǀĞůŽƉĞĚ Ă ƉĂĚĚůĞ ĨŽƌŵŝŶŐ ƉƌŽĐĞƐƐ ƚŽ
ƉƌŽĚƵĐĞƐŚĞĞƚŵĞƚĂůƉĂƌƚƐǁŝƚŚƉƌŽŶŽƵŶĐĞĚĨĞĂƚƵƌĞƐĂŶĚŝŶĐƌĞĂƐĞĚĨŽƌŵĂďŝůŝƚǇďǇƚĂŬŝŶŐƚŚĞĂĚǀĂŶƚĂŐĞƐĨƌŽŵ
ƚŚĞĞĨĨĞĐƚŽĨƚŚƌŽƵŐŚƚŚŝĐŬŶĞƐƐƐŚĞĂƌ ?ůůǁŽŽĚĂŶĚ^ ŚŽƵůĞƌ ? ? ? ?ĨƵƌƚŚĞƌƐƚƵĚŝĞĚƚŚĞĞĨĨĞĐƚŽĨƚŚƌŽƵŐŚƚŚŝĐŬŶĞƐƐ
ƐŚĞĂƌĂŶĚƐƵŐŐĞƐƚĞĚƚŚĂƚŝƚǁĂƐƚŚĞŵĂũŽƌĐĂƵƐĞĨŽƌƚŚĞŝŶĐƌĞĂƐĞĚĨŽƌŵĂůŝƚǇŝŶƉĂĚĚůĞĨŽƌŵŝŶŐ ?dŚĞƐĞƚǁŽ
ƚĞĐŚŶŽůŽŐŝĞƐŚĂǀĞĨƵƌƚŚĞƌĞŶŚĂŶĐĞĚƚŚĞƉƌŽĐĞƐƐĐĂƉĂďŝůŝƚǇŽĨŚŽůĞ ?ĨůĂŶŐŝŶŐ ? 
/ŶƌĞĐĞŶƚǇĞĂƌƐ ?ŝŶĐƌĞŵĞŶƚĂůƐŚĞĞƚĨŽƌŵŝŶŐ ?/^& ?ƉƌŽĐĞƐƐŚĂƐďĞĐŽŵĞĂƉƌŽŵŝƐŝŶŐƚĞĐŚŶŝƋƵĞŝŶĨůĞǆŝďůĞ
ĨŽƌŵŝŶŐŽĨƐŚĞĞƚŵĞƚĂůƉĂƌƚƐ ?ƵƌŝŶŐ/^&ƉƌŽĐĞƐƐ ?ĂƐƚǇůƵƐ ?ƚǇƉĞƚŽŽůŵŽǀĞƐĂůŽŶŐĂƉƌĞĚĞĨŝŶĞĚƚŽŽůƉĂƚŚ to 
form ĂƐŚĞĞƚŵĞƚĂůƉĂƌƚǁŝƚŚ  ?ĐŽŵƉůĞǆĨƌĞĞĨŽƌŵƐƵƌĨĂĐĞƐ ?dŚŝƐƉƌŽĐĞƐƐdoes not require any ĚĞĚŝĐĂƚĞĚ
ĨŽƌŵŝŶŐƚŽŽůǁŝƚŚĂƐƉĞĐŝĨŝĐŐĞŽŵĞƚƌŝĐĂůƐŚĂƉĞŽƌĂĨŽƌŵŝŶŐƉƌĞƐƐ ?/ŶĂĚĚŝƚŝŽŶ ?ƚŚĞ/^&ƚĞĐŚŶŽůŽŐǇĂůƐŽĞǆŚŝďŝƚƐ
ĂŚŝŐŚĞƌĨŽƌŵĂďŝůŝƚǇĐŽŵƉĂƌĞĚǁŝƚŚĐŽŶǀĞŶƚŝŽŶĂůƐŚĞĞƚĨŽƌŵŝŶŐƉƌŽĐĞƐƐĞƐ ?DĂůŚŽƚƌĂĞƚĂů ? ? ? ? ?ƐƵŐŐĞƐƚĞĚƚŚĂƚ
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ƚŚĞŝŶĐƌĞĂƐĞĚĨŽƌŵĂďŝůŝƚǇďǇ/^&ǁĂƐĐĂƵƐĞĚďǇůŽĐĂůŝǌĞĚĂŶĚŝŶĐƌĞŵĞŶƚĂůĚĞĨŽƌŵĂƚŝŽŶŽĨƚŚĞƐŚĞĞƚ ?ǁŚŝĐŚ
ĐŽƵůĚ ĂǀŽŝĚ ƚŚĞ ŽĐĐƵƌƌĞŶĐĞ ŽĨ ŶĞĐŬŝŶŐ ? ŽŶƐŝĚĞƌŝŶŐ ƚŚĞƐĞ ĂĚǀĂŶƚĂŐĞƐ ? /^& ƉƌŽĐĞƐƐ ŚĂƐ ďĞĐŽŵĞ Ă ǀŝĂďůĞ
ĂůƚĞƌŶĂƚŝǀĞ ƚŽ ĐŽŶǀĞŶƚŝŽŶĂů ƉƵŶĐŚŝŶŐ ƉƌŽĐĞƐƐ ŝŶ ŵĂŶƵĨĂĐƚƵƌŝŶŐ ŽĨ ƐŵĂůů ?ďĂƚĐŚ Žƌ ĐƵƐƚŽŵŝǌĞĚ ƐŚĞĞƚ ŵĞƚĂů
ƉĂƌƚƐ ?ĞƐƉĞĐŝĂůůǇ ŝŶƚŚĞĨŝĞůĚƐŽĨĂĞƌŽƐƉĂĐĞ ?ďŝŽŵĞĚŝĐĂůŶĚĂƵƚŽŵŽƚŝǀĞĂƉƉůŝĐĂƚŝŽŶƐ ?ŽŶĐĞƌŶŝŶŐƚŚĞŚŽůĞ ?
ĨůĂŶŐŝŶŐďǇ/^& ?ǀĂƌŝŽƵƐƚĞĐŚŶŽůŽŐŝĞƐŚĂǀĞďĞĞŶĚĞǀĞůŽƉĞĚŝŶƌĞĐĞŶƚǇĞĂƌƐ ?Teramae et al. [12] proposed a 
new incremental burring process for manufacturing the branched tube, and the effect of the material 
properties on the wall thickness distribution was studied. Cui and Gao [13] developed an ISF hole-flanging 
process by employing three multi-pass ISF toolpath strategies, and they compared the thickness distributions 
of the parts obtained by the three different forming strategies.WĞƚĞŬĂŶĚ<ƵǌŵĂŶ ? ? ? ? proposed a backward 
ISF hole-flanging process. In this process, the tool head size was larger than that of the tool shank diameter, 
which was different from conventional ISF tools.zĂŶŐĞƚĂů ? ? ? ? ?ƉƌŽƉŽƐĞĚĂƐŝŵŝůĂƌďĂƌƚŽŽůǁŝƚŚůĂƌŐĞƌƚŽŽů
ŚĞĂĚƚŽƉƌŽĚƵĐĞƚŚŝŶ ?ǁĂůůĞĚĨůĂŶŐĞĨĞĂƚƵƌĞƐŽŶƚŚĞƚƵďĞƐ ?ZĞĐĞŶƚůǇ ?ĂŵďĂĐŚĞƚĂů ? ? ? ? ?ĚĞǀĞůŽƉĞĚĂŚŽůĞ ?
ĨůĂŶŐŝŶŐƚŽŽůǁŝƚŚĂĚĂƉƚŝǀĞďůĂŶŬŚŽůĚĞƌƚŽŝŵƉƌŽǀĞƚŚĞŐĞŽŵĞƚƌŝĐĂůĂĐĐƵƌĂĐǇ ?dŚĞĂďŽǀĞǁŽƌŬƐŚĂǀĞĨƵƌƚŚĞƌ
ĞǆƚĞŶĚĞĚƚŚĞƉƌŽĐĞƐƐĨůĞǆŝďŝůŝƚǇŽĨŚŽůĞ ?ĨůĂŶŐŝŶŐďǇ/^& ? 
ŽŶĐĞƌŶŝŶŐƚŚĞŝŶǀĞƐƚŝŐĂƚŝŽŶŽŶ/^&ďĂƐĞĚŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐĞƐ ?ĞŶƚĞŶŽĞƚĂů ?  ? ? ? ?ĨŽƵŶĚƚŚĂƚƚŚĞ
ŵĂƚĞƌŝĂůĚĞĨŽƌŵĂƚŝŽŶŵŽĚĞŝŶ/^&ŚŽůĞ ?ĨůĂŶŐŝŶŐǁĂƐĚŝĨĨĞƌĞŶƚĨƌŽŵĐŽŶǀĞŶƚŝŽŶĂů/^&ǁŝƚŚŽƵƚĂƉƌĞ ?ĐƵƚŚŽůĞ ?
ŝŶǁŚŝĐŚƚŚĞƐŚĞĞƚĚĞĨŽƌŵĂƚŝŽŶǁĂƐĂĐŽŵďŝŶĂƚŝŽŶŽĨŝŶ ?ƉůĂŶĞƐƚƌĞƚĐŚŝŶŐĂŶĚďĞŶĚŝŶŐĂƚƚŚĞƉĞƌŝŵĞƚĞƌŽĨƚŚĞ
ĨůĂŶŐĞ ?ĞŶƚĞŶŽĞƚĂů ? ? ? ? ?ĂůƐŽŝŶǀĞƐƚŝŐĂƚĞĚƚŚĞĨĂŝůƵƌĞŵŽĚĞŝŶ/^&ŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐĂŶĚĨŽƵŶĚƚŚĂƚƚŚĞ
ŝŵƉƌŽǀĞĚĨŽƌŵĂďŝůŝƚǇǁĂƐĚƵĞƚŽƚŚĞƐƵƉƉƌĞƐƐŝŽŶŽĨŶĞĐŬŝŶŐďĞĨŽƌĞĨƌĂĐƚƵƌĞ ?DŽŶƚĂŶĂƌŝĞƚĂů ? ? ? ? ?ŝŶǀĞƐƚŝŐĂƚĞĚ
ƚŚĞƐŚĞĞƚĚĞĨŽƌŵĂƚŝŽŶŝŶ/^&ŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐĂŶĚĨŽƵŶĚƚŚĂƚƚŚĞƐŚĞĞƚĂƌŽƵŶĚŚŽůĞĞĚŐĞĞǆƉĞƌŝĞŶĐĞĚ
ĞƋƵĂů ďŝ ?ĂǆŝĂů ƐƚƌĞƚĐŚŝŶŐ ? ƌŝƐƚŝŶŽ Ğƚ Ăů ?  ? ? ? ? ƚƌĂĐĞĚ ƚŚĞ ƐƚƌĂŝŶ ĞǀŽůƵƚŝŽŶ ŝŶ /^& ŚŽůĞ ?ĨůĂŶŐŝŶŐ ƉƌŽĐĞƐƐ ĂŶĚ
ƉƌĞĚŝĐƚĞĚƚŚĞĨƌĂĐƚƵƌĞďǇĚƵĐƚŝůĞĚĂŵĂŐĞŵŽĚĞůŝŶŐ ?Cristino et al. [21]ĂůƐŽinvestigated ISF hole-flanging with 
square features which had improved the understanding of material plastic deformation and processing 
failure in fabrication of square parts. ŽŶĐĞƌŶŝŶŐĨŽƌŵŝŶŐŶŽŶ ?ŵĞƚĂůůŝĐŵĂƚĞƌŝĂůƐƐƵĐŚĂƐƉŽůǇŵĞƌ ?Silva et al. 
[22] studied the feasibility of forming polyethylene terephthalate sheet by ISF hole-flanging process. Yonan 
et al. [23] investigated the ISF and ISF hole-flanging processes on PVC and found that strain measurement is 
an effective way to determine the accumulated damage of PVC parts. These studies have further improved 
the understanding of material deformation and fracture in the ISF based hole-flanging process. 
Although the /^&ŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐƐŚŽǁƐŐƌĞĂƚƉŽƚĞŶƚŝĂůƐ ?ŽŶĞŵĂũŽƌůŝŵŝƚĂƚŝŽŶŝƐƚŚĞĞǆƚƌĞŵĞƐŚĞĞƚ
ƚŚŝŶŶŝŶŐŽĨƚŚĞĨŽƌŵĞĚƉĂƌƚ ?/ŶƉƌĞǀŝŽƵƐƌĞƐĞĂƌĐŚ ?ĞŶƚĞŶŽĞƚĂů ? ? ? ? ?ĐŽŶĨŝƌŵĞĚƚŚĂƚŵĞƌŝĚŝŽŶĂůƐƚƌĞƚĐŚŝŶŐ
ǁĂƐ ƚŚĞŵĂũŽƌ ĚĞĨŽƌŵĂƚŝŽŶ ŵŽĚĞ ďĞĨŽƌĞ ƚŚĞ ƚŽŽů ƌĞĂĐŚĞĚ ƚŚĞ ŚŽůĞĞĚŐĞ ? ǁŚŝĐŚ ƵŶĂǀŽŝĚĂďůǇ ĐĂƵƐĞĚ ƚŚĞ
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ƚŚŝŶŶŝŶŐ ŽĨ ĨŽƌŵĞĚ ƌŝŵ ? ZĞĐĞŶƚůǇ ?Cristino et al. [24] ĐŽŵƉĂƌĞĚ ƚŚĞ hole-flanging by punching and ISF 
processes. They observed different strain paths in the sheet metal deformations of the two processes, and 
revealed different ĚĞĨŽƌŵĂƚŝŽŶŵĞĐŚĂŶŝƐŵƐďĞƚǁĞĞŶĐŽŶǀĞŶƚŝŽŶĂůƉƵŶĐŚŝŶŐĂŶĚ/^& ?/ŶĐŽŶǀĞŶƚŝŽŶĂůŚŽůĞ ?
ĨůĂŶŐŝŶŐďǇƚŚĞƉƌĞƐƐĂŶĚĚŝĞ ?ƚŚĞĨůĂŶŐĞƌŝŵŝƐŐĞŶĞƌĂůůǇƚŚŝĐŬĞƌďƵƚƐŚŽƌƚĞƌŝŶĚĞƉƚŚ ?&Žƌ/^&ŚŽůĞ ?ĨůĂŶŐŝŶŐ
ƉĂƌƚ ?ƚŚĞĨůĂŶŐĞƌŝŵŚĂƐŐƌĞĂƚĞƌĚĞƉƚŚďƵƚǁŝƚŚƚŚŝŶŶĞƌƚŚŝĐŬŶĞƐƐ ?dŚŝƐƉŚĞŶŽŵĞŶŽŶǁĂƐĂůƐŽŽďƐĞƌǀĞĚďǇ
^ŝůǀĂ Ğƚ Ăů ?  ? ? ? ? ?hŶĞǀĞŶ ƚŚŝĐŬŶĞƐƐ ĚŝƐƚƌŝďƵƚŝŽŶ ďĞĐŽŵĞƐ Ă ŵĂŝŶ ŽďƐƚĂĐůĞ ĨŽƌ /^& ŚŽůĞ ?ĨůĂŶŐŝŶŐ ƚŽ ĚŝƌĞĐƚůǇ
ƌĞƉůĂĐŝŶŐ ƚƌĂĚŝƚŝŽŶĂů ŚŽůĞ ?ĨůĂŶŐŝŶŐ ƉƌŽĐĞƐƐĞƐ ŝŶ ŝŶĚƵƐƚƌŝĂů ĂƉƉůŝĐĂƚŝŽŶƐ ? dŚĞƌĞĨŽƌĞ ? ŚŽǁ ƚŽ ƉƌŽĚƵĐĞ ĨůĂŶŐĞ
ĨĞĂƚƵƌĞƐǁŝƚŚŝŶĐƌĞĂƐĞĚƉƌŽĐĞƐƐĨůĞǆŝďŝůŝƚǇĂŶĚƌĞƋƵŝƌĞĚƐŚĂƉĞĂŶĚƚŚŝĐŬŶĞƐƐĂĐĐƵƌĂĐǇŝƐĂŶĞǁĐŚĂůůĞŶŐĞŝŶ
ƉƌŽŵŽƚŝŶŐ/^&ĂƉƉůŝĐĂƚŝŽŶƐ ? 
dŽŵŝŶŝŵŝƐĞƚŚĞƐŚĞĞƚƚŚŝŶŶŝŶŐŝŶ/^&ŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐ ?ĂŶĞǁĨĞĂƚƵƌĞĚĨůĂŶŐŝŶŐƚŽŽůŝƐĚĞǀĞůŽƉĞĚŝŶ
ƚŚŝƐƐƚƵĚǇ ?tŝƚŚƚŚĞŶĞǁƚŽŽůŐĞŽŵĞƚƌǇ ?ƚŚĞƚŚŝŶŶŝŶŐĐĂƵƐĞĚďǇƐŚĞĞƚƐƚƌĞƚĐŚŝŶŐĐĂŶďĞŵŝŶŝŵŝƐĞĚ ?dŽĞǀĂůƵĂƚĞ
ƚŚĞĚĞĨŽƌŵĂƚŝŽŶďĞŚĂǀŝŽƌĂŶĚƚŚĞĨŝŶĂů ĨůĂŶŐŝŶŐƉĂƌƚƋƵĂůŝƚǇĨŽƌŵĞĚďǇƚŚĞŶĞǁƚŽŽů ?ĐŽŵƉĂƌĂƚŝǀĞƐƚƵĚŝĞƐ
ŚĂǀĞďĞĞŶĐŽŶĚƵĐƚĞĚďǇƉĞƌĨŽƌŵŝŶŐ/^&ŚŽůĞ ?ĨůĂŶŐŝŶŐƵƐŝŶŐĐŽŶǀĞŶƚŝŽŶĂůďĂůů ?ŶŽƐĞƚŽŽůĂŶĚƚŚĞŶĞǁĨůĂŶŐŝŶŐ
ƚŽŽů ?dŚĞĐŽŵƉĂƌŝƐŽŶƐƚƵĚŝĞƐůŽŽŬŝŶƚŽŬĞǇĂƐƉĞĐƚƐŽĨƚŚĞĨŝŶĂůƉĂƌƚŐĞŽŵĞƚƌǇ ?ƚŚĞƚŚŝĐŬŶĞƐƐĚŝƐƚƌŝďƵƚŝŽŶ ?ƚŚĞ
ĨŽƌŵŝŶŐůŽĂĚĂŶĚƚŚĞŚŽůĞ ?ĞǆƉĂŶƐŝŽŶƌĂƚŝŽ ?dŽŽďƚĂŝŶĂďĞƚƚĞƌƵŶĚĞƌƐƚĂŶĚŝŶŐŽĨƚŚĞ/^&ŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐ ?
ŵĂƚĞƌŝĂů ĚĞĨŽƌŵĂƚŝŽŶ ŵĞĐŚĂŶŝƐŵƐ ƵŶĚĞƌ ƚŚĞ ĂďŽǀĞ ƚǁŽ ƚŽŽůƐ ĂƌĞ ƐƚƵĚŝĞĚ ďǇ ĂŶĂůǇƚŝĐĂů ? ŶƵŵĞƌŝĐĂů ĂŶĚ
ĞǆƉĞƌŝŵĞŶƚĂůĂƉƉƌŽĂĐŚĞƐ ?dŚĞĚĞƚĂŝůĞĚƐƚƌĞƐƐ ƐƚĂƚĞƐĂŶĚƐƚƌĂŝŶŚŝƐƚŽƌŝĞƐ ? ƚŚĞĐĂƵƐĞŽĨ ŝŵƉƌŽǀĞĚ ƚŚŝĐŬŶĞƐƐ
ĚŝƐƚƌŝďƵƚŝŽŶ ĂŶĚ ĨƌĂĐƚƵƌĞ ƵŶĚĞƌ ƚŚĞƐĞ ƚǁŽ ƚŽŽůƐ ĂƌĞ ŝŶǀĞƐƚŝŐĂƚĞĚ ĂŶĚ ĚŝƐĐƵƐƐĞĚ ?dŚĞ ĂĚǀĂŶƚĂŐĞƐ ĂŶĚ ŶĞǁ
ĐŚĂůůĞŶŐĞŽĨƚŚĞŶĞǁ/^&ĨůĂŶŐŝŶŐƚŽŽůĂƌĞĂůƐŽĚŝƐĐƵƐƐĞĚƚŽƌĞĂĐŚŬĞǇĐŽŶĐůƵƐŝŽŶƐ ? 
 
 ? ?  ĞǀĞůŽƉŵĞŶƚŽĨƚŚĞĨĞĂƚƵƌĞĚĨůĂŶŐŝŶŐƚŽŽů 
&Žƌ Ăůů ƌĞƉŽƌƚĞĚ /^& ?ďĂƐĞĚŚŽůĞ ?ĨůĂŶŐŝŶŐ ƉƌŽĐĞƐƐĞ  ? ĂďĂůů ?ŶŽƐĞ ƚŽŽů ŝƐ ƵƐƵĂůůǇ ĞŵƉůŽǇĞĚ ƚŽ ŵĂŬĞ ƚŚĞ
ŵĂƚĞƌŝĂůĚĞĨŽƌŵĂƌŽƵŶĚƚŚĞĞĚŐĞŽĨƉƌĞ ?ĐƵƚŚŽůĞǀŝĂĚŝĨĨĞƌĞŶƚƚŽŽůƉĂƚŚƐƚƌĂƚĞŐŝĞƐ ? ?  ? /ĨƚŚĞĐŽŶǀĞŶƚŝŽŶĂů/^&
ƚŽŽůƉĂƚŚƐƚƌĂƚĞŐǇŝƐĞŵƉůŽǇĞĚ ?ƚŚĞƚŽŽůǁŝůůŵŽǀĞĨƌŽŵƚŚĞƉĞƌŝƉŚĞƌǇŽĨƚŚĞƐŚĞĞƚŵĞƚĂůŝŶǁĂƌĚƚŽƚŚĞŚŽůĞ
ĞĚŐĞ ?&ŽůůŽǁŝŶŐƚŚŝƐƐƚƌĂƚĞŐǇ ?ƚŚĞƐŚĞĞƚŵĞƚĂůĚĞĨŽƌŵƐƐŝŵŝůĂƌůǇĂƐƚŚĂƚŝŶ/^&ĚĞĨŽƌŵĂƚŝŽŶŵŽĚĞŽĨƐƚƌĞƚĐŚŝŶŐ
ǁŝƚŚďĞŶĚŝŶŐĂƌŽƵŶĚƚŚĞƚŽŽů ?ǁŚŝĐŚƵŶĂǀŽŝĚĂďůǇůĞĂĚƐƚŽƐĞǀĞƌĞƐŚĞĞƚŵĞƚĂůƚŚŝŶŶŝŶŐ ? 
dŽĂĐŚŝĞǀĞĂƵŶŝĨŽƌŵƐŚĞĞƚƚŚŝĐŬŶĞƐƐĚĞĨŽƌŵĂƚŝŽŶŝŶ/^&ďĂƐĞĚŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐĞƐ ?ĂŶĞǁĨĞĂƚƵƌĞĚ
ƚŽŽůŝƐƉƌŽƉŽƐĞĚĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ?dŚŝƐŶĞǁĨůĂŶŐŝŶŐƚŽŽůĐŽŶƐŝƐƚƐŽĨƐŽŵĞŐĞŽŵĞƚƌŝĐĨĞĂƚƵƌĞƐŝŶĐůƵĚŝŶŐƚŚĞ
ŚǇƉĞƌďŽůŝĐĂŶĚĐǇůŝŶĚƌŝĐĂůƐĞĐƚŝŽŶƐďĞůŽǁƚŚĞƚŽŽůĂƌŵ ?ǀĞŶƚŚŽƵŐŚƚŚĞƉƌĞ ?ĐƵƚŚŽůĞŝƐƵƐƵĂůůǇƉƌĞƉĂƌĞĚďǇ
ďůĂŶŬŝŶŐǁŝƚŚƐŚĞĂƌŝŶŐŽƌďǇůĂƐĞƌĐƵƚƚŝŶŐ ?ƵƚĨŽƌŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐďǇ/^&ďĂƐĞĚŽŶEŵŝůůŝŶŐŵĂĐŚŝŶĞ ?
ŵŝůůŝŶŐĐƵƚƚĞƌŝƐƚŚĞŵŽƌĞƐƵŝƚĂďůĞƚŽŽůǁŚŝĐŚĐĂŶƐŝŵƉůŝĨǇƚŚĞƌĞƋƵŝƌĞĚƚŽŽůĂŶĚĞƋƵŝƉŵĞŶƚ ?/ŶƚŚŝƐƐŝƚƵĂƚŝŽŶ ?
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ƚŚĞŵŝůůŝŶŐĐƵƚƚĞƌ ĐĂŶďĞ ŝŶĐŽƌƉŽƌĂƚĞĚĂƚ ƚŚĞ ƚŝƉŽĨ ƚŚĞ ƚŽŽů ƐŽ ƚŚĂƚ ƚŚĞ ŝŶŝƚŝĂůŚŽůĞĐĂŶďĞ ŵĂĚĞǁŝƚŚŽƵƚ
ƌĞƉůĂĐŝŶŐƚŚĞƚŽŽůƐĚƵƌŝŶŐƚŚĞ/^&ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐ ?dŚƌĞĞŵĂũŽƌŐĞŽŵĞƚƌŝĐƉĂƌĂŵĞƚĞƌƐZ ?, ?ĂŶĚ, ?ĂƌĞ
ƵƐĞĚƚŽĚĞĨŝŶĞƚŚĞƉƌŽĨŝůĞŽĨƚŚĞƚŽŽůŚĞĂĚ ? 
  
&ŝŐ ? ? ?dŚĞĚĞƐŝŐŶŽĨƚŚĞŶĞǁĨĞĂƚƵƌĞĚĨůĂŶŐŝŶŐƚŽŽů ? 
&ŝŐ ? ?ƐŚŽǁƐƚŚĞƚŽŽůƉĂƚŚƐƚƌĂƚĞŐǇƵƐĞĚĨŽƌ/^& ?ďĂƐĞĚŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐĞƐďǇƵƐŝŶŐĐŽŶǀĞŶƚŝŽŶĂůďĂůů ?
ŶŽƐĞƚŽŽů ?d ? ?ĂŶĚŶĞǁĨůĂŶŐŝŶŐƚŽŽů ?d ? ? ?d ?ƚƌĂǀĞůƐ from the periphery of the sheet towards the pre-cut hole 
moving down along a 3D profile layer by layer in the Z-direction. In the process using tool T1, point to point
ĐŽŶƚĂĐƚtypically ŽĐĐƵƌƐďĞƚǁĞĞŶƚŚĞƚŽŽůĂŶĚƐŚĞĞƚŵĞƚĂů ?,ŽǁĞǀĞƌĨŽƌƚŚĞƉƌŽĐĞƐƐƵƐŝŶŐd ? ?ƚŚĞƚŽŽůŵŽǀĞƐ
ĨƌŽŵŝŶǁĂƌĚƚŽŽƵƚǁĂƌĚĂůŽŶŐĂƚŽŽůƉĂƚŚŚŽƌŝǌŽŶƚĂůůǇŝŶƚŚĞy ?zƉůĂŶĞ ?/ŶƚŚŝƐƉƌŽĐĞƐƐ ?ƚŚĞĐŽŶƚĂĐƚďĞƚǁĞĞŶ
ƚŽŽůĂŶĚƐŚĞĞƚŵĞƚĂůŝƐƚǇƉŝĐĂůůǇĂůŽŶŐĂǀĞƌƚŝĐĂů “ďĂŶĚ ?ĂƌĞĂƌĞŐŝŽŶ ?ĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ?ď ? ?tŝƚŚŵŽǀŝŶŐƚŚĞ
ƚŽŽůŽƵƚǁĂƌĚ ?ƚŚĞƐŚĞĞƚŵĞƚĂůǁŝůůĚĞĨŽƌŵŐƌĂĚƵĂůůǇĂŶĚƚŚĞŚŽůĞǁŝůůďĞ “ĞǆƉĂŶĚĞĚ ?ƚŽĨŽƌŵĂĨůĂŶŐĞĨĞĂƚƵƌĞ ?
/Ŷ&ŝŐ ? ? ?ƚŚĞƌĞĚƉŽŝŶƚƐƐŚŽǁƚŚĞƐƚĂƌƚŝŶŐƉŽŝŶƚƐĨŽƌƚŚĞƚǁŽĚŝĨĨĞƌĞŶƚƚŽŽůƉĂƚŚƐƚƌĂƚĞŐŝĞƐ ? 
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     
   ?Ă ?d ?                                       ?ď ?d ? 
&ŝŐ ? ? ?ŝĨĨĞƌĞŶƚŚŽůĞ ?ĨůĂŶŐŝŶŐƚŽŽůƉĂƚŚƐƚƌĂƚĞŐŝĞƐ ? 
  
 ? ? ŶĂůǇƚŝĐĂůƐƚƵĚǇŽĨƚŚĞƚǁŽ/^&ŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐĞƐ 
ƵƌŝŶŐ /^& ŚŽůĞ ?ĨůĂŶŐŝŶŐ ƉƌŽĐĞƐƐ ? d ? ĂŶĚd ? ŚĂǀĞ ĚŝĨĨĞƌĞŶƚ ƚŽŽůŵŽǀŝŶŐ ƐƚƌĂƚĞŐŝĞƐ ? ǁŚŝĐŚ ƌĞƐƵůƚƐ ŝŶĂ
ǀĂƌŝĞĚƚŽŽů ?ƐŚĞĞƚĐŽŶƚĂĐƚĂŶĚďŽƵŶĚĂƌǇĐŽŶĚŝƚŝŽŶƐ ?dŚĞƐĞǁŝůůĨƵƌƚŚĞƌĂĨĨĞĐƚƚŚĞƐƚƌĞƐƐĂŶĚĚĞĨŽƌŵĂƚŝŽŶƐƚĂƚĞ
ŽƌĞǀĞŶĨŽƌŵĂďŝůŝƚǇŽĨƚŚĞƐŚĞĞƚ ?dŽƵŶĚĞƌƐƚĂŶĚĚŝĨĨĞƌĞŶĐĞŽĨĚĞĨŽƌŵĂƚŝŽŶŵĞĐŚĂŶŝƐŵĐĂƵƐĞĚďǇd ?ĂŶĚd ? ?
ĂŶĂůǇƚŝĐĂůƐƚƵĚŝĞƐĂƌĞĐŽŶĚƵĐƚĞĚĨŝƌƐƚƚŽĐŽŵƉĂƌĞƐŚĞĞƚƐƚƌĞƐƐĚŝƐƚƌŝďƵƚŝŽŶƐŽĨƚŚĞƚǁŽŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐĞƐ ?
ŽŶǀĞŶƚŝŽŶĂů/^&ŐŽǀĞƌŶŝŶŐĞƋƵĂƚŝŽŶƐ ? ? ? ?ĂƌĞĞŵƉůŽǇĞĚĨŽƌƚŚĞƉƌŽĐĞƐƐƵƐŝŶŐd ? ?ǁŚŝůĞŶĞǁĞƋƵĂƚŝŽŶƐĂƌĞ
ĞƐƚĂďůŝƐŚĞĚĨŽƌƚŚĞƉƌŽĐĞƐƐƵƐŝŶŐd ?ƚŽŝŶǀĞƐƚŝŐĂƚĞƚŚĞƐƚƌĞƐƐĚŝƐƚƌŝďƵƚŝŽŶƐ ? 
 
 ? ? ?dŚĞďĂůů ?ŶŽƐĞƚŽŽů ?d ? 
ƵƌŝŶŐƚŚĞ/^&ŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐƵƐŝŶŐƚŚĞďĂůů ?ŶŽƐĞƚŽŽů ?d ? ? ?ƚŚĞƚŽŽůŵŽǀĞƐĂůŽŶŐĂ ?ƐƉŝƌĂůƚŽŽů
ƉĂƚŚ ƚŽ ĨŽƌŵƚŚĞƐŚĞĞƚŵĞƚĂůƉĂƌƚ ŝŶĐƌĞŵĞŶƚĂůůǇ ůĂǇĞƌďǇ ůĂǇĞƌ ? ƐĞůĞĐƚĞĚĞůĞŵĞŶƚ ŝƐĐŚŽƐĞŶ ĨŽƌ ƐƚƌĞƐƐ
ĂŶĂůǇƐŝƐ ? ĂƐ ƐŚŽǁŶ ŝŶ &ŝŐ ?  ? ?Ă ? ? dŚƌĞĞ ƐƚƌĞƐƐ ĐŽŵƉŽŶĞŶƚƐ CtV  ? CTV ĂŶĚ CIV ĂƌĞ ĚĞĨŝŶĞĚ ŝŶ ƚŚĞ ƉƌŝŶĐŝƉůĞ
ĚŝƌĞĐƚŝŽŶƐŽĨƚ ?© ĂŶĚI  ?ĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ?Đ ?ĂŶĚ ?Ě ? ?ƌĞƐƉĞĐƚŝǀĞůǇ ?WŽŝŶƚKŝƐ ĚĞĨŝŶĞĚĂƐĂƉŽŝŶƚŽŶƚŚĞĐĞŶƚƌĂů
ĂǆŝƐ ŽĨ ƚŚĞ ĨŽƌŵŝŶŐƐŚĞĞƚĂŶĚƉŽŝŶƚK ? ŝƐŽŶ ƚŚĞĐĞŶƚĞƌĂǆŝƐ ŽĨ ƚŚĞ ďĂůůŚĞĂĚŽĨ ƚŚĞ ƚŽŽů ? /ŶĂĚĚŝƚŝŽŶ ? ƚŚĞ
ĨŽůůŽǁŝŶŐĂƐƐƵŵƉƚŝŽŶƐĂƌĞŵĂĚĞ P 
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 ? ? ?DĞŵďƌĂŶĞĂƉƉƌŽĂĐŚ ŝƐĞŵƉůŽǇĞĚ ?ĂƐ ƚŚĞƐŚĞĞƚŵĞƚĂů ŝƐ ƌĂƚŚĞƌ ƚŚŝŶĐŽŵƉĂƌĞĚ ƚŽ ƚŚĞ ƚŽŽů ƌĂĚŝƵƐ ?
ƚǇƉŝĐĂůůǇƚŚĞƌĂƚŝŽŽĨƐŚĞĞƚƚŚŝĐŬŶĞƐƐƚŽƚŚĞƚŽŽůďĂůůŚĞĂĚƌĂĚŝƵƐŝƐ ? ? ? ?
 ? ? ?CtV  ŝƐŝŶĚĞƉĞŶĚĞŶƚŽĨ T  ?ƚŚĞŐƌĂĚŝĞŶƚŽĨƚŚŝĐŬŶĞƐƐƐƚƌĞƐƐŝŶƚŚĞĐŝƌĐƵŵĨĞƌĞŶƚŝĂůĚŝƌĞĐƚŝŽŶŝƐŝŐŶŽƌĞĚ
ƐŝŶĐĞƚŚĞŵĂũŽƌĞĨĨĞĐƚŽĨĐŝƌĐƵŵĨĞƌĞŶƚŝĂůĨƌŝĐƚŝŽŶŝƐƚŚĞĐŝƌĐƵŵĨĞƌĞŶƚŝĂůƐƚƌĞƐƐ ? 
      
                    ?Ă ?ŐĞŶĞƌĂůǀŝĞǁ                         ?ď ?   ?ǀŝĞǁ 
 
              ?Đ ?^ƚƌĞƐƐĐŽŵƉŽŶĞŶƚƐ of  ? element A      ?Ě ? ^ƚƌĞƐƐĐŽŵƉŽŶĞŶƚƐ of 2D element A 
&ŝŐ ? ? ?^ĐŚĞŵĂƚŝĐƌĞƉƌĞƐĞŶƚĂƚŝŽŶŽĨŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐďǇďĂůů ?ŶŽƐĞƚŽŽů (T1). 
 
ĐĐŽƌĚŝŶŐƚŽŽƵƌƉƌĞǀŝŽƵƐƌĞƐĞĂƌĐŚ ? ? ? ? ?ƚŚĞƐƚƌĞƐƐĐŽŵƉŽŶĞŶƚƐŝŶƚŚƌĞĞƉƌŝŶĐŝƉůĞĚŝƌĞĐƚŝŽŶƐĐĂŶďĞŐŝǀĞŶ
ďǇ P 
 2 2
C
t Y
t
r tT
V VP T                                   ? ? ? 
     2= 2 2
C
Y
r t
r t
T
I
T
P TV VP T
                                      ? ? ? 
     = 2 2
C
Y
r
r t
T
T
T
P TV VP T
                                     ? ? ? 
&ƌŽŵƚŚĞƉƌŝŶĐŝƉůĞƐƚƌĞƐƐĞƐ ?ƚŚĞŚǇĚƌŽƐƚĂƚŝĐƐƚƌĞƐƐŝŶƚŚĞƐĞůĞĐƚĞĚĞůĞŵĞŶƚĐĂŶďĞĞǆƉƌĞƐƐĞĚĂƐ P 
    21 ( )
3 3 2 2 2 2 2 2
C C C
tC
m y y y
r r tt
r t r t r t
T I T T
T T T
V V V P T P TV V V VP T P T P T
                           ? ? ? 
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Accordingly, tŚĞƐƚƌĞƐƐƚƌŝĂǆŝĂůŝƚǇŝŶƚŚĞ/^&ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐƵƐŝŶŐd ?ĐĂŶďĞǁƌŝƚƚĞŶĂƐ P
2 2
C
C m
Y
r
r t
T
T
V P TK V P T
                                                                ? ? ? 
ĐĐŽƌĚŝŶŐƚŽƚŚĞŐĞŽŵĞƚƌŝĐĂůƌĞůĂƚŝŽŶƐŚŝƉƐŚŽǁŶŝŶ&ŝŐ ? ? ?ď ? ?ƚŚĞĚŝƐƚĂŶĐĞĨƌŽŵĞůĞŵĞŶƚƚŽƚŚĞĐĞŶƚƌĂů
ĂǆŝƐŽĨƚŚĞĨŽƌŵŝŶŐƐŚĞĞƚĐĂŶďĞŐŝǀĞŶďǇ P 
0 cos
Cr r R D                                                             ? ? ? 
ŽŶƐŝĚĞƌŝŶŐƚŚĞ^ŝŶĞůĂǁ 0 sint t D  ?ƋƐ ? ? ? ? ? ? ? ?ĂŶĚ ? ? ?ĐĂŶďĞĨƵƌƚŚĞƌĞǆƉƌĞƐƐĞĚĂƐ P 
    0 0
0 0
2 ( cos ) sin
=
2 ( cos ) 2 sin
C
C
YC
r R t
r R t
T
I
T
P T D DV VP T D D
                                                   ? ? ? 
  0
0 0
( cos )
=
2 ( cos ) 2 sin
C
C
YC
r R
r R t
T
T
T
P T DV VP T D D
                                                   ? ? ? 
0
0 0
( cos )
2 ( cos ) 2 sin
C C
C m
C
Y
r R
r R t
T
T
V P T DK V P T D D
                                             ? ? ? 
dŚĞĂďŽǀĞƐƚƌĞƐƐĐŽŵƉŽŶĞŶƚƐǁŝůůďĞĐĂůĐƵůĂƚĞĚĂŶĚƵƐĞĚƚŽŵĂŬĞĐŽŵƉĂƌŝƐŽŶǁŝƚŚƚŚĂƚĚĞƌŝǀĞĚďǇƵƐŝŶŐ
d ? ? 
 
3.2 dŚĞŶĞǁ/^&ĨůĂŶŐŝŶŐƚŽŽů ?d ? 
DĞŵďƌĂŶĞĂŶĂůǇƐŝƐĂƉƉƌŽĂĐŚǁŝůůĂůƐŽďĞĞŵƉůŽǇĞĚƚŽŝŶǀĞƐƚŝŐĂƚĞƚŚĞ/^&ƉƌŽĐĞƐƐƵƐŝŶŐƚŚĞŶĞǁĨůĂŶŐŝŶŐ
ƚŽŽů ?d ? ?ĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ?dŚĞƐƚƌĞƐƐĐŽŵƉŽŶĞŶƚƐBtV  ? BTV ĂŶĚ BIV  ĂƌĞĂůƐŽĚĞĨŝŶĞĚŝŶƚŚĞĚŝƌĞĐƚŝŽŶƐŽĨƚ ?
© ?I  ĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ?Đ ?ĂŶĚ ?Ě ? ?ƌĞƐƉĞĐƚŝǀĞůǇ ?WŽŝŶƚKŝƐĂůƐŽĂƉŽŝŶƚŽŶƚŚĞĐĞŶƚƌĂůĂǆŝƐŽĨƚŚĞĨŽƌŵŝŶŐĂŶĚ
ƉŽŝŶƚK ?ŝƐĂƚƚŚĞĐĞŶƚĞƌŽĨƚŚĞĂƌĐŝŶƚŚĞƐĞĐƚŝŽŶŽĨĨŽƌŵŝŶŐƚŽŽů ? 
    
                    ?Ă ?ŐĞŶĞƌĂůǀŝĞǁ                           ?ď ?   ?ƐĞĐƚŝŽŶĂůǀŝĞǁ 
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   
                   ?Đ ?^ƚƌĞƐƐĐŽŵƉŽŶĞŶƚƐ in  ? element A          ?Ě ? ^ƚƌĞƐƐĐŽŵƉŽŶĞŶƚƐ in 2D element A 
&ŝŐ ? ? ?^ĐŚĞŵĂƚŝĐƌĞƉƌĞƐĞŶƚĂƚŝŽŶŽĨŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐďǇƵƐŝŶŐd ? ? 
ŽŶĐĞƌŶŝŶŐƚŚĞƐƚƌĞƐƐƐƚĂƚĞĂůŽŶŐƚŚĞmeridionalĚŝƌĞĐƚŝŽŶ ?ƚŚĞĞƋƵŝůŝďƌŝƵŵĞƋƵĂƚŝŽŶĐĂŶďĞŐŝǀĞŶďǇ P 
     2 2
2
( ) cos( ) ( ) cos( )
2 ( ) sin( )cos 0
B B Bd d
B B B B d
t
t r dr d t d rd
rR d d t d Rd
D DI I I
TI T T
V T V V T
P V D T V V D D
  
                 ? ? ? ? 
ǇŶĞŐůĞĐƚŝŶŐŚŝŐŚĞƌŽƌĚĞƌŝŶĨŝŶŝƚĞƐŝŵĂůƚĞƌŵƐ ?Ƌ ? ? ?  ?ĐĂŶďĞƐŝŵƉůŝĨŝĞĚĂƐ P 
    =
B B
Bd dr
r
I T
I
V VV                                                       ? ? ? ?                                     
ůŽŶŐƚŚĞƚŚŝĐŬŶĞƐƐĚŝƌĞĐƚŝŽŶ ?ƚŚĞĞƋƵŝůŝďƌŝƵŵĐŽŶĚŝƚŝŽŶĐĂŶďĞŐŝǀĞŶďǇ P 
sin( )sin ( ) sin( )sin2 2
sin( ) ( )( )( )sin( ) 02 22
B B B B B B B
t
B B B
d dR rd d R t d t d R d
dtd dt r d d r dr t d
T T T
I I I
T TV T D V D D V V D D
D DV T V V T
  
                 ? ? ? ? 
ŽŶƐŝĚĞƌŝŶŐƚŚĂƚ sin( 2)d dD D|  ĂŶĚ sin( 2)d dT T|  ?Ƌ ? ? ? ? ?ĐĂŶďĞƐŝŵƉůŝĨŝĞĚĂƐ P
 1 1
sin sin
2 2
1 1 1 1 1 1 0
2 2 4 4 4 4
B B B B B B B B
t
B B B B B B
rR R t rt d R t drt
d rt d tdr rdt drdt d rdt d drdt
T I T I
I I I I I I
V V D V V D V
V V V V V V
   
       
        
 ? ? ?
ǇŶĞŐůĞĐƚŝŶŐŚŝŐŚŽƌĚĞƌŝŶĨŝŶŝƚĞƐŝŵĂůƚĞƌŵƐ ?Ƌ ? ? ? ? ?ĐĂŶďĞƐŝŵƉůŝĨŝĞĚĂƐ P 
sin 0
BB B
t
Bt r R
IT VV V D                                                    ? ? ? ? 
hƐŝŶŐdƌĞƐĐĂĐƌŝƚĞƌŝŽŶ B Bt YTV V V   ǁŝƚŚĂŶĂƐƐƵŵƉƚŝŽŶŽĨ sin 1D 
r t
 ?Ƌ ? ? ? ? ?ĐĂŶďĞĚĞƌŝǀĞĚĂƐ P
.sin BBt Y
Bt r R
IVV V D                                                          ? ? ? ? 
Substituting dƌĞƐĐĂĐƌŝƚĞƌŝŽŶĂŶĚƋ ? ? ? ? ? toƋ ? ? ? ? ? ?Ƌ ? ? ? ? ?ĐĂŶďĞŽďƚĂŝŶĞĚĂƐ P 
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    0
2( )
B BB
B B t Y
t Y
R r rRd dr
rt r r rI
V VV V V                                        ? ? ? ? 
/ŶƚĞŐƌĂƚŝŶŐƋ ? ? ? ? ?ĂƚďŽƚŚƐŝĚĞƐĂŶĚĐŽŶƐŝĚĞƌŝŶŐƚŚĞďŽƵŶĚĂƌǇĐŽŶĚŝƚŝŽŶƐƚŚĂƚƚŚĞŵĞƌŝĚŝŽŶĂůƐƚƌĞƐƐŝƐ
ŶĞĂƌůǇǌĞƌŽ ? 0BIV |  ?ĂƚƚŚĞŚŽůĞĞĚŐĞ ? 0r r  ? ?ƚŚĞŵĞƌŝĚŝŽŶĂůƐƚƌĞƐƐ BIV  ĐĂŶďĞĞǆƉƌĞƐƐĞĚĂƐ P 
  0 0
0 0 0
=( 1) ln 2 ln
B BB
B B
t Y Y Y
R r R rR r r
t r r r rI
V V V V V                                ? ? ? ? 
ŽŶƐŝĚĞƌŝŶŐdƌĞƐĐĂĐƌŝƚĞƌŝŽŶ ?ƚŚĞĐŝƌĐƵŵĨĞƌĞŶƚŝĂůƐƚƌĞƐ BTV ĐĂŶĂůƐŽďĞĞǆƉƌĞƐƐĞĚďǇ BtV  P 
+B BY tTV V V                                                                 ? ?  ?
ŽŵďŝŶŝŶŐƋƐ ? ? ? ? ǁŝƚŚ ? ? ? ? ?V Bt ĐĂŶďĞĞǆƉƌĞƐƐĞĚďǇƚŚĞŬĞǇƉƌŽĐĞƐƐƉĂƌĂŵĞƚĞƌƐĂƐĨŽůůŽǁƐ P 
  
0
0 0
0
2ln 2
=
( 1)ln
B B
B
t YB B
R rr R
r r r
R r R
t r t
V V
 

 
                                                ? ? ? ? 
dŚĞƌĞĨŽƌĞ ?ƚŚĞŚǇĚƌŽƐƚĂƚŝĐƐƚƌĞƐƐĐĂŶďĞĞǆƉƌĞƐƐĞĚĂƐ P 
  
0 0
0 0 0
1 ( )
3
1 [ 1 ln 2] 2ln -1
3
B B B B
m t
B BB
B
t Y
R r R rR r r
t r r r r
T IV V V V
V V
  
½­ § ·§ ·   °     ® ¾¨ ¸¨ ¸ °© ¹ © ¹¯ ¿
                 
 ? ? ? ? 
ŶĚƚŚĞƐƚƌĞƐƐƚƌŝĂǆŝĂůŝƚǇŝƐƌĞƉƌĞƐĞŶƚĞĚĂƐ P 
       ? ? ? ? 
dŽƌĞƉůĂĐĞƐŚĞĞƚŵĞƚĂůƚŚŝĐŬŶĞƐƐƚĂŶĚĚŝƐƚĂŶĐĞƌŝŶƚŚĞĂďŽǀĞĞƋƵĂƚŝŽŶ ?ƚŚĞŐĞŽŵĞƚƌŝĐƌĞůĂƚŝŽŶƐŚŝƉŐŝǀĞŶ
ŝŶƋ ? ? ? ? ?ŝƐĞŵƉůŽǇĞĚƚŽĚĞƚĞƌŵŝŶĞƚŚĞĚŝƐƚĂŶĐĞ P 
0(1 sin )Br R rD                                                             ? ? ? ? 
/ŶĂĚĚŝƚŝŽŶ ?Ƌ ? ? ? ? ?ĐĂŶďĞŽďƚĂŝŶĞĚďĂƐĞĚŽŶƚŚĞǀŽůƵŵĞĐŽŶƐƚĂŶĐǇ P 
2 2 Bol dl t r R d tS S D                                                         ? ?  ?
ŽŶƐŝĚĞƌŝŶŐ ƚŚĂƚ Bdl R dD  ĂŶĚ ƚŚĞ ĚĞĨŽƌŵĂƚŝŽŶ ŝŶ ƚŚĞ ŵĞƌŝĚŝŽŶĂů ĚŝƌĞĐƚŝŽŶ ŝƐ ƋƵŝƚĞ ƐŵĂůů ? ƚŚĞ
ĂƐƐƵŵƉƚŝŽŶŝƐŵĂĚĞĨŽƌ P 
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B B
ol R r RD                                                               ? ?  ?
dŚĞƐŚĞĞƚŵĞƚĂůƚŚŝĐŬŶĞƐƐĐĂŶďĞŽďƚĂŝŶĞĚĂƐ P 
0
( )
(1 sin )
D
D
     
B B
o o
B
R r R t
t
R r
                                                       ? ? ?
dŽĂŶĂůǇǌĞƚŚĞƐƚƌĞƐƐĚŝƐƚƌŝďƵƚŝŽŶĂŶĚƐƚƌĞƐƐƚƌŝĂǆŝĂůŝƚǇŽŶƚŚĞĐŽŶƚĂĐƚĂƌĞĂďĞƚǁĞĞŶƚŚĞƚŽŽůĂŶĚĨŽƌŵŝŶŐ
ƐŚĞĞƚ ?ƋƐ ? ?  ? ? ? ?  ?ĂŶĚ ? ? ?ĐĂŶďĞĨƵƌƚŚĞƌĞǆƉƌĞƐƐĞĚďǇƵƐŝŶŐƚŚĞĨŽƌŵŝŶŐĂŶŐůĞɲďĂƐĞĚŽŶƋƐ ? ? ? ? ?ĂŶĚ
 ? ?  ? ?dŚĞƌĞůĂƚŝŽŶƐŚŝƉďĞƚǁĞĞŶƚŚĞƐƚƌĞƐƐƐƚĂƚĞĂŶĚƚŚĞĨŽƌŵŝŶŐĂŶŐůĞɲǁŝůůďĞĂŶĂůǇǌĞĚŝŶƚŚĞůĂƚĞƌƐĞĐƚŝŽŶ ? 
 
3.3 ŽŵƉĂƌŝƐŽŶŽĨƚŚĞƐƚƌĞƐƐĚŝƐƚƌŝďƵƚŝŽŶ 
hƐŝŶŐƋƐ ? ? ? ? ? ? ? ? ? ? ? ? ?ĂŶĚ ? ? ? ? ?ƚŚĞĚŝƐƚƌŝďƵƚŝŽŶƐŽĨŵĞƌŝĚŝŽŶĂůƐƚƌĞƐƐĂŶĚĐŝƌĐƵŵĨĞƌĞŶƚŝĂůƐƚƌĞƐƐǁŝƚŚ
ǀĂƌǇŝŶŐĨŽƌŵŝŶŐĂŶŐůĞƐĂŶĚƚŽŽůƌĂĚŝŝĐĂŶďĞŽďƚĂŝŶĞĚ ?dŚĞƉƌŽĐĞƐƐƉĂƌĂŵĞƚĞƌƐƵƐĞĚŝŶƚŚĞĂŶĂůǇƐŝƐĂƌĞŐŝǀĞŶ
ŝŶdĂďůĞ ?ƚŽĐĂůĐƵůĂƚĞƚŚĞƐƚƌĞƐƐĚŝƐƚƌŝďƵƚŝŽŶŽĨĞĂĐŚƉƌŽĐĞƐƐďǇƵƐŝŶŐĚŝĨĨĞƌĞŶƚŚŽůĞ ?ĨůĂŶŐŝŶŐƚŽŽůƐ ? 
 
Table 1 Parameters used in the analytical calculation ? 
Parameters Value 
0r     
25 mm 
TP  0.1 
ɽ     30º 
YV   ? ? ?DWĂ 
0t   ?ŵŵ 
 
 
dŚĞŵĞƌŝĚŝŽŶĂůƐƚƌĞƐƐĂŶĚĐŝƌĐƵŵĨĞƌĞŶƚŝĂůƐƚƌĞƐƐŝŶĚƵĐĞĚĚƵƌŝŶŐŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐĞƐƵƐŝŶŐd ?ĂŶĚd ?
ĂƌĞĐŽŵƉĂƌĞĚĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ?/ƚŝƐĨŽƵŶĚƚŚĂƚƚŚĞŵĂǆŝŵƵŵƉƌŝŶĐŝƉůĞƐƚƌĞƐƐǁŝƚŚd ?ŝƐƚŚĞŵĞƌŝĚŝŽŶĂůƐƚƌĞƐƐ
ǁŚŝůĞ ƚŚĂƚ ǁŝƚŚd ? ŝƐ ƚŚĞĐŝƌĐƵŵĨĞƌĞŶƚŝĂů ƐƚƌĞƐƐ ?tŝƚŚd ?ƵƐĞĚ ?ďŽƚŚŵĞƌŝĚŝŽŶĂůƐƚƌĞƐƐĂŶĚĐŝƌĐƵŵĨĞƌĞŶƚŝĂů
ƐƚƌĞƐƐĂƌĞŝŶƚĞŶƐŝůĞƐƚĂƚĞĂŶĚƚŚĞǇƐůŝŐŚƚůǇŝŶĐƌĞĂƐĞǁŝƚŚƚŚĞĚĞĐƌĞĂƐŝŶŐŽĨƚŚĞĨŽƌŵŝŶŐĂŶŐůĞ ?ĂƐƐŚŽǁŶŝŶ&ŝŐ ?
 ? ?Ă ? ?,ŽǁĞǀĞƌĨŽƌd ? ?ƚŚĞƚǁŽƉƌŝŶĐŝƉůĞƐƚƌĞƐƐĐŽŵƉŽŶĞŶƚƐĂƌĞŵŽƌĞƐĞŶƐŝƚŝǀĞƚŽƚŚĞĐŚĂŶŐĞƐŽĨƚŚĞƉƌŽĐĞƐƐ
ƉĂƌĂŵĞƚĞƌƐ ?ƚŚĞŵĞƌŝĚŝŽŶĂůƐƚƌĞƐƐŝƐŝŶĐŽŵƉƌĞƐƐŝǀĞƐƚĂƚĞ ?ĂŶĚǁŝƚŚƚŚĞĚĞĐƌĞĂƐĞŽĨƚŚĞĨŽƌŵŝŶŐĂŶŐůĞ ?ƚŚĞ
ŵĞƌŝĚŝŽŶĂůƐƚƌĞƐƐďĞĐŽŵĞƐĞǀĞŶƐŵĂůůĞƌ ?dŚĞĐŝƌĐƵŵĨĞƌĞŶƚŝĂůƐƚƌĞƐƐŝƐŝŶƚĞŶƐŝůĞƐƚĂƚĞĂŶĚƐůŝŐŚƚůǇĚĞĐƌĞĂƐĞƐ
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ǁŝƚŚ ƚŚĞĚĞĐƌĞĂƐŝŶŐŽĨ ƚŚĞ ĨŽƌŵŝŶŐĂŶŐůĞ ?dŚĞĐŽŵƉĂƌŝƐŽŶƐŚŽǁƐƚŚĂƚd ?ĐĂŶ ƌĞƐƵůƚ ŝŶǀĂƌŝĞĚƐƚƌĞƐƐƐƚĂƚĞ
ĚĞƉĞŶĚŝŶŐŽŶƚŚĞƉƌŽĐĞƐƐƉĂƌĂŵĞƚĞƌƐ ?ǁŚŝůĞƚŚĞƐƚƌĞƐƐƐƚĂƚĞǁŝƚŚd ?ŝƐŵŽƌĞƐƚĂďůĞĂŶĚŝŶƐĞŶƐŝƚŝǀĞƚŽƚŚĞ
ĐŚĂŶŐĞƐŽĨƉƌŽĐĞƐƐƉĂƌĂŵĞƚĞƌƐ ? 
 
(a) T1                                   (b) T2 
&ŝŐ ? ? ?dŚĞƐƚƌĞƐƐĚŝƐƚƌŝďƵƚŝŽŶĨŽƌĞĂĐŚŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐ ? 
^ƚƌĞƐƐƚƌŝĂǆŝĂůŝƚǇĐĂŶďĞƌĞŐĂƌĚĞĚĂƐĂŶŝŶĚŝĐĂƚŽƌƚŽĞǀĂůƵĂƚĞƚŚĞĨŽƌŵĂďŝůŝƚǇ ?hƐŝŶŐƋƐ ? ? ? ?ĂŶĚ ? ? ? ? ?ƚŚĞ
ĚŝƐƚƌŝďƵƚŝŽŶŽĨƐƚƌĞƐƐƚƌŝĂǆŝĂůŝƚǇƵŶĚĞƌƚŚĞǀĂƌŝĞĚĨŽƌŵŝŶŐĂŶŐůĞƐĂŶĚƚŚĞƚŽŽůƌĂĚŝŝĚƵƌŝŶŐĞĂĐŚƉƌŽĐĞƐƐĐĂŶďĞ
ĚĞƚĞƌŵŝŶĞĚ ?ĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ?/ƚĐĂŶďĞƐĞĞŶŝŶ&ŝŐ ? ? ?Ă ?ƚŚĂƚƐƚƌĞƐƐƚƌŝĂǆŝĂůŝƚǇCK ǁŝƚŚd ?ŝŶĐƌĞĂƐĞƐǁŝƚŚƚŚĞ
ĚĞĐƌĞĂƐŝŶŐŽĨƚŚĞĨŽƌŵŝŶŐĂŶŐůĞ ?ǁŚŝĐŚŝŶĚŝĐĂƚĞƐƚŚĂƚƚŚĞĨƌĂĐƚƵƌĞǁŝůůĨŝƌƐƚŽĐĐƵƌŶĞĂƌƚŚĞĚĞĨŽƌŵĞĚŝŶĐůŝŶĞĚ
ǁĂůů ďƵƚ ŶŽƚ Ăƚ ƚŚĞ ĐŽŶƚĂĐƚ ĂƌĞĂ ďĞƚǁĞĞŶ ƚŚĞ ƚŽŽů ĂŶĚ ĨŽƌŵŝŶŐ ƐŚĞĞƚ ? tŝƚŚ d ? ? ƚŚĞ ƐƚƌĞƐƐ ƚƌŝĂǆŝĂůŝƚǇ ĂůƐŽ
ĚĞĐƌĞĂƐĞƐǁŝƚŚƚŚĞĚĞĐƌĞĂƐŝŶŐŽĨĨŽƌŵŝŶŐĂŶŐůĞ ?,ŽǁĞǀĞƌ ?ƚŚŝƐƚƌĞŶĚŝƐŵŽƌĞŽďǀŝŽƵƐǁŚĞŶƚŚĞƚŽŽůƌĂĚŝƵƐŝƐ
ƌĞůĂƚŝǀĞůǇůĂƌŐĞ ?/ƚƐƵŐŐĞƐƚƐƚŚĂƚƚŚĞĨƌĂĐƚƵƌĞŵĂǇĨŝƌƐƚůǇŽĐĐƵƌĂƚƚŚĞŚŽůĞĞĚŐĞ ?ǁŚĞƌĞƚŚĞĨŽƌŵŝŶŐĂŶŐůĞŝƐƚŚĞ
ůĂƌŐĞƐƚ ? 
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(a) T1                                        (b) T2 
&ŝŐ ? ? ?dŚĞƐƚƌĞƐƐƚƌŝĂǆŝĂůŝƚǇĨŽƌĞĂĐŚŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐ ? 
 
 ? ?EƵŵĞƌŝĐĂůƐŝŵƵůĂƚŝŽŶ  
 ? ? ?&ŝŶŝƚĞĞůĞŵĞŶƚƐŝŵƵůĂƚŝŽŶ 
EƵŵĞƌŝĐĂůƐŝŵƵůĂƚŝŽŶŝƐĂůƐŽĐŽŶĚƵĐƚĞĚƚŽŝŶǀĞƐƚŝŐĂƚĞƚŚĞƐƚƌĂŝŶĚŝƐƚƌŝďƵƚŝŽŶĂŶĚƚŽǀĂůŝĚĂƚĞĨĞĂƐŝďŝůŝƚǇŽĨ
ƚŚĞŶĞǁĨůĂŶŐŝŶŐƉƌŽĐĞƐƐ ?/ŶƚŚŝƐǁŽƌŬ ?ƚŚĞŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐĞƐƵƐŝŶŐd ?ĂŶĚd ? are compared by forming 
a specific hole-flanging feature as shown in Fig. 7(a). In ƚŚĞconventional /^& hole-flangingƉƌŽĐĞƐƐ ?d ?ǁŝƚŚĂ
ƌĂĚŝƵƐŽĨ ?ŵŵŝƐĞŵƉůŽǇĞĚ ?In the new hole-flangingƉƌŽĐĞƐƐ ?ƚŚĞŐĞŽŵĞƚƌŝĐĂůƉĂƌĂŵĞƚĞƌƐŽĨd ?ƐŚŽǁŶŝŶ&ŝŐ ?
 ?ĂƌĞŐŝǀĞŶŝŶdĂďůĞ ? ?AA5052 sheet metal with initial thickness of 1 mm is used in the simulation. The flow 
stress of the AA5052 sheet is given in Fig. 7(b). dŚĞŵŽƐƚƐƚƌĂŝŐŚƚĨŽƌǁĂƌĚŽŶĞ ?ƐƚĞƉƐƉŝƌĂůƚŽŽůƉĂƚŚǁŝƚŚĂ
ĐŽŶƐƚĂŶƚƐƚĞƉĚŽǁŶǀĂůƵĞĂƐ ? ? ?ŵŵŝƐĂĚŽƉƚĞĚĨŽƌƚŚĞƉƌŽĐĞƐƐǁŝƚŚd ? ?ǁŚŝůĞĂƐƉŝƌĂůƚŽŽůƉĂƚŚǁŝƚŚĂĐŽŶƐƚĂŶƚ
ŐĂƉŽĨ ? ? ?ŵŵďĞƚǁĞĞŶƉĂƚŚůŽŽƉƐŝŶƚŚĞy ?zƉůĂŶĞŝƐƵƐĞĚĨŽƌƚŚĞƉƌŽĐĞƐƐǁŝƚŚd ? ? 
Table 2 'ĞŽŵĞƚƌŝĐĂůĚŝŵĞŶƐŝŽŶƐŽĨd ? ? 
             Parameters                       Value 
Tool radius RB of T2                              15 mm 
Cone height H1B of T2                                             13 mm 
Vertical wall height H2 B of T2                                    15 mm 
 
     
             ?Ă ?ĚĞƐŝŐŶĞĚƐŚĂƉĞ                             ?ď ?ĨůŽǁƐƚƌĞƐƐŽĨ ? ? ? ?ƐŚĞĞƚŵĞƚĂů 
&ŝŐ ? ? ?ĞƐŝŐŶĞĚŚŽůĞ ?ĨůĂŶŐŝŶŐŐĞŽŵĞƚƌǇĂŶĚƚŚĞŵĂƚĞƌŝĂůĨůŽǁƐƚƌĞƐƐĐƵƌǀĞ ? 
  During numerical simulation, the commercial software LS-Dyna is used for the two ISF hole-flanging 
processes as shown in Fig. 8. To simplify the finite element simulation, the hole-cutting step is ignored and 
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a hole with initial diameter of 40 mm is defined in each finite element model. In addition, the geometry 
of T2 is simplified as shown in Fig. 8(b), in which only the geometric profile for flanging process is 
considered. Fully integrated 8-node S/R solid elements are utilized to discretize the blank, and 5 layers of 
solid elements are employed along the thickness direction of the sheet. Refine meshing strategy is used 
in the region to be formed to evaluate the simulation accuracy. Both the tool and the backing plate are 
regarded as rigid constraints. Coulomb ?s friction law is employed and the frictional coefficient between 
the forming tool and the sheet metal is assumed as 0.05 [27].  
 
(a) T1                                  (b)d ? 
Fig. 8. Finite elementŵŽĚĞůƐŽĨƚǁŽ/^&ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐĞƐ ? 
 
 ? ? ?ŶĂůǇƐĞŽĨƐŝŵƵůĂƚŝŽŶƌĞƐƵůƚƐ  
dŚĞ ĞĨĨĞĐƚŝǀĞ ƐƚƌĂŝŶ ĚŝƐƚƌŝďƵƚŝŽŶƐ ŽĨ ƚŚĞ ƚǁŽ ŚŽůĞ ?ĨůĂŶŐŝŶŐ ƉƌŽĐĞƐƐĞƐ ĂƌĞ ƐŚŽǁŶ ŝŶ &ŝŐ ?  ? ?Ă ? ĂŶĚ  ?ď ? ?
ƌĞƐƉĞĐƚŝǀĞůǇ ?dŚĞŵĂǆŝŵƵŵ ĞĨĨĞĐƚŝǀĞ ƐƚƌĂŝŶǁŝƚŚd ?ŽĐĐƵƌƐĂƚ ƚŚĞ  ? ? ?ŚĞŝŐŚƚŽĨ ƚŚĞ ĨůĂŶŐĞĚǁĂůů ?ǁŚŝĐŚ ŝƐ
ŽďǀŝŽƵƐůǇĂǁĂǇĨƌŽŵƚŚĞŚŽůĞĞĚŐĞ ?dŚŝƐŝƐŝŶĐŽŶƐŝƐƚĞŶƚǁŝƚŚƚŚĞƌĞƐƵůƚŽďƚĂŝŶĞĚďǇĞŶƚĞŶŽĞƚĂů ? ? ? ? ? ?Ƶƚ
ĨŽƌd ? ?ƚŚĞŵĂǆŝŵƵŵǀĂůƵĞŝƐĂƚƚŚĞŚŽůĞĞĚŐĞ ?/ŶĂĚĚŝƚŝŽŶ ?ƚŚĞŵĂǆŝŵƵŵĞĨĨĞĐƚŝǀĞƐƚƌĂŝŶƵŶĚĞƌd ?ŝƐŚŝŐŚĞƌ ?
ƌĞĂĐŚŝŶŐĂǀĂůƵĞŽĨ ? ? ?ĐŽŵƉĂƌĞĚǁŝƚŚĂďŽƵƚ ? ? ?ƵŶĚĞƌd ? ?&ŝŐ ? ? ?Đ ?ĂŶĚ ?Ě ?ŐŝǀĞƚŚĞĨŝŶĂůŐĞŽŵĞƚƌŝĞƐŽĨƚŚĞ
ƚǁŽĨŽƌŵĞĚƉĂƌƚƐŝŶƚŚĞĂǆŝĂůƐĞĐƚŝŽŶĂĨƚĞƌƐŝŵƵůĂƚŝŽŶƐ ?/ƚĐĂŶďĞƐĞĞŶƚŚĂƚd ?ĐŽƵůĚƉƌŽĚƵĐĞĂƚĂůůĞƌĨůĂŶŐĞ
ƚŚĂŶd ? ?ďƵƚƚŚĞƚŚŝĐŬŶĞƐƐĚŝƐƚƌŝďƵƚŝŽŶƵŶĚĞƌd ?ŝƐƚŚŝĐŬĞƌĂŶĚŵŽƌĞƵŶŝĨŽƌŵ ?dŽĨƵƌƚŚĞƌĞǆƉůĂŝŶƚŚĞĐĂƵƐĞŽĨ
ƐƵĐŚĚŝĨĨĞƌĞŶĐĞ ?&ŝŐ ? ? ?Ğ ?ĂŶĚ ?Ĩ ?ƐŚŽǁƚŚĞĐŽŶƚĂĐƚĂƌĞĂƐƵŶĚĞƌƚǁŽĚŝĨĨĞƌĞŶƚƚŽŽůƐ ?dŚĞƚŽŽů ?ƐŚĞĞƚĐŽŶƚĂĐƚĂƌĞĂ
ǁŝƚŚd ?ŝƐƋƵŝƚĞƐŵĂůů ?ĐĐŽƌĚŝŶŐƚŽƚŚĞƐŚĂƉĞŽĨĚĞĨŽƌŵĞĚĞůĞŵĞŶƚƐ ?ŝƚŝƐĨŽƵŶĚƚŚĂƚƐƚƌĞƚĐŚŝŶŐĂŶĚďĞŶĚŝŶŐ
ĚĞĨŽƌŵĂƚŝŽŶƐŽĐĐƵƌĚƵƌŝŶŐƚŚĞĨŽƌŵŝŶŐƉƌŽĐĞƐƐ ?,ŽǁĞǀĞƌ ?ƚŚĞĐŽŶƚĂĐƚĂƌĞĂǁŝƚŚd ?ŝƐŵƵĐŚůĂƌŐĞƌ ?ƐƐŚŽǁŶ
ŝŶ&ŝŐ ? ? ?Ĩ ? ?ďĞŶĚŝŶŐďĞĐŽŵĞƐĂŵĂũŽƌĚĞĨŽƌŵĂƚŝŽŶŵŽĚĞǁŚŝůĞƚŚĞƐƚƌĞƚĐŚŝŶŐŝƐŶŽƚŽďǀŝŽƵƐ ?ŝĨĨĞƌĞŶƚŵŽĚĞƐ
ŽĨ ƚŚĞĐŽŶƚĂĐƚĂŶĚďŽƵŶĚĂƌǇĐŽŶĚŝƚŝŽŶƐƌĞƐƵůƚ ŝŶ ƚŚĞǀĂƌŝĞĚƐŚĞĞƚĚĞĨŽƌŵĂƚŝŽŶŵŽĚĞƐĂŶĚŵĂƚĞƌŝĂů ĨůŽǁƐ
ĂƌŽƵŶĚƚŚĞƚŽŽůƐ ? 
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       
 ?Ă ?ĞĨĨĞĐƚŝǀĞƉůĂƐƚŝĐƐƚƌĂŝŶƵŶĚĞƌd ?                   ?ď ?ĞĨĨĞĐƚŝǀĞƉůĂƐƚŝĐƐƚƌĂŝŶƵŶĚĞƌd ?           
    
 ?Đ ?ĨŝŶĂůŐĞŽŵĞƚƌǇƵŶĚĞƌd ?                         ?Ě ?ĨŝŶĂůŐĞŽŵĞƚƌǇƵŶĚĞƌd ? 
   
 ?Ğ ?ĐŽŶƚĂĐƚĂƌĞĂƵŶĚĞƌd ?                           ?Ĩ ?ĐŽŶƚĂĐƚĂƌĞĂƵŶĚĞƌd ? 
&ŝŐ ? ? ?^ŝŵƵůĂƚŝŽŶƌĞƐƵůƚƐďǇƵƐŝŶŐĚŝĨĨĞƌĞŶƚĨŽƌŵŝŶŐƚŽŽůƐ ? 
 
dŽ ŝŶǀĞƐƚŝŐĂƚĞ ƚŚĞ ĚĞĨŽƌŵĂƚŝŽŶ ŵĞĐŚĂŶŝƐŵ ŽĨ ĚĞĨŽƌŵŝŶŐ ƐŚĞĞƚ ŵĞƚĂů ? ƚŚĞ ĚŝƐƚƌŝďƵƚŝŽŶƐ ŽĨ ƐƚƌĂŝŶ
ĐŽŵƉŽŶĞŶƚƐĂůŽŶŐƚŚĞŵĞƌŝĚŝŽŶĂůĂŶĚĐŝƌĐƵŵĨĞƌĞŶƚŝĂůĚŝƌĞĐƚŝŽŶƐĂƌĞƐŚŽǁŶŝŶ&ŝŐ ? ? ? ?/ƚŝƐǁŽƌƚŚŵĞŶƚŝŽŶŝŶŐ
ƚŚĂƚ ƚŚĞ ĚŝƐƚĂŶĐĞ ƵƐĞĚ ŝŶ &ŝŐ ?  ? ? ŝƐ ƚŚĞ ŝŶŝƚŝĂů ĚŝƐƚĂŶĐĞ ďĞĨŽƌĞ ĚĞĨŽƌĂŵƚŝŽŶ ?As shown in Fig. 10(a), ƚŚĞ
ŵĞƌŝĚŝŽŶĂůƐƚƌĂŝŶƵŶĚĞƌd ?ŝŶĐƌĞĂƐĞƐĨƌŽŵƚŚĞƚŽƉĞĚŐĞƚŽĂŵĂǆŝŵƵŵǀĂůƵĞŽĨ ? ? ?ĂƚƚŚĞ ? ? ?ŚĞŝŐŚƚŽĨƚŚĞ
ĨůĂŶŐĞĚ ǁĂůů ǁŚŝůĞ ƚŚĞ ĐŝƌĐƵŵĨĞƌĞŶƚŝĂů ƐƚƌĂŝŶ ƐƚĂƌƚƐ ƚŽ ŝŶĐƌĞĂƐĞ ƌĂƉŝĚůǇ ƵŶƚŝů ƌĞĂĐŚŝŶŐ ƚŚĞ ŚŽůĞ ĞĚŐĞ ? dŚŝƐ
ŝŶĚŝĐĂƚĞƐƚŚĂƚƚŚĞƐŚĞĞƚŵĞƚĂůŚĂƐĞǆƉĞƌŝĞŶĐĞĚƵŶŝĂǆŝĂůƐƚƌĞƚĐŚŝŶŐĚĞĨŽƌŵĂƚŝŽŶĂŶĚĂƉƉƌŽǆŝŵĂƚĞůǇƚŚĞƉůĂŶĞ ?
ƐƚƌĂŝŶĚĞĨŽƌŵĂƚŝŽŶŵŽĚĞďĞĨŽƌĞƌĞĂĐŚŝŶŐƚŚĞ ? ? ?ŚĞŝŐŚƚŽĨƚŚĞĨůĂŶŐĞĚǁĂůů ?,ŽǁĞǀĞƌ ?ďĞǇŽŶĚƚŚĞĚŝƐƚĂŶĐĞ
ŽĨ  ? ŵŵ ? ƚŚĞ ŵĞƌŝĚŝŽŶĂů ƐƚƌĂŝŶ ƐƚĂƌƚƐ ƚŽ ĚĞĐƌĞĂƐĞ ? dŚĞ ĚĞĨŽƌŵĂƚŝŽŶ ŵŽĚĞ ŝƐ ĐŚĂŶŐĞĚ ĨƌŽŵ ŵĞƌŝĚŝŽŶĂů
ƐƚƌĞƚĐŚŝŶŐƚŽĐŝƌĐƵŵĨĞƌĞŶƚŝĂůƐƚƌĞƚĐŚŝŶŐŝŶƚŚŝƐƌĞŐŝŽŶ ?ƐƐŚŽǁŶŝŶ&ŝŐ ? ? ?ď ? ?ƚŚĞƐƚƌĂŝŶǀĂůƵĞŝŶƚŚĞŵĞƌŝĚŝŽŶĂů
ĚŝƌĞĐƚŝŽŶ ƵŶĚĞƌ d ? ŝƐ ƌĞůĂƚŝǀĞůǇ ƐŵĂůů ǁŝƚŚĂ ŶĞŐĂƚŝǀĞ ǀĂůƵĞ ŽĨ ĂƌŽƵŶĚ  ? ? ? ? ? ǁŚŝĐŚ ŝŵƉůŝĞƐ Ă ĐŽŵƉƌĞƐƐŝǀ 
ĚĞĨŽƌŵĂƚŝŽŶƐƚĂƚĞ ?dŚŝƐĐŽŵƉƌĞƐƐŝǀĞĚĞĨŽƌŵĂƚŝŽŶŵĂǇďĞĐĂƵƐĞĚďǇƚŽŽůƐƋƵĞĞǌŝŶŐƚŚĞƐŚĞĞƚŵĞƚĂůĚƵƌŝŶŐ
ƚŚĞĨŽƌŵŝŶŐƉƌŽĐĞƐƐ ?ůŽŶŐƚŚĞĐŝƌĐƵŵĨĞƌĞŶƚŝĂůĚŝƌĞĐƚŝŽŶ ?ƚŚĞƐƚƌĂŝŶŝŶĐƌĞĂƐĞƐŐƌĂĚƵĂůůǇƚŽĂǀĂůƵĞŽĨĂďŽƵƚ
 ? ? ? ?ĂƚƚŚĞŚŽůĞĞĚŐĞ ?dŚŝƐƌĞƐƵůƚƌĞǀĞĂůƐĂƚǇƉŝĐĂůĚĞĨŽƌŵĂƚŝŽŶƐƚĂƚĞŽĨŚŽůĞ ?ĞǆƉĂŶƐŝŽŶ ?&ŽƌďŽƚŚƚǁŽŚŽůĞ ?
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ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐĞƐ ?ƚŚĞĐŝƌĐƵŵĨĞƌĞŶƚŝĂůƐƚƌĂŝŶƐƌĞĂĐŚĂƐŝŵŝůĂƌǀĂůƵĞ ?ǁŚŝůĞƚŚĞŵĞƌŝĚŝŽŶĂůƐƚƌĂŝŶǁŝƚŚd ? ŝƐ
ŵƵĐŚƐŵĂůůĞƌ ? 
         
                     ?Ă ?d ?                     ?ď ?d ? 
&ŝŐ ? ? ? ?ŽŵƉĂƌŝƐŽŶŽĨnormalƐƚƌĂŝŶĚŝƐƚƌŝďƵƚŝŽŶƐ ? 
 
To further reveal the difference of the two hole-flanging processes, the strain variations during each 
forming process are also investigated. dǁŽƉŽŝŶƚƐƐĞůĞĐƚĞĚĨŽƌƚƌĂĐŝŶŐƚŚĞǀĂƌŝĂƚŝŽŶƐĂƌĞƐŚŽǁŶŝŶ&ŝŐ ? ? PƉŽŝŶƚ
ŝƐůŽĐĂƚĞĚĂƚƚŚĞ ? ? ?ŚĞŝŐŚƚŽĨĨůĂŶŐĞĚǁĂůůĂŶĚƉŽŝŶƚŝƐŶĞĂƌƚŚĞŚŽůĞĞĚŐĞ ?ƐƐŚŽǁŶŝŶFig. 11(a) and (b), 
both the meridional strain and circumferential strain at point A under T1 increase first and ŬĞĞƉ ĂůŵŽƐƚ
ƵŶĐŚĂŶŐĞĚ ĚƵĞ ƚŽ ƚŚĞ ůĞĂǀŝŶŐ ŽĨ ĨŽƌŵŝŶŐ ƚŽŽů ? ,ŽǁĞǀĞƌ ? ƚŚĞcircumferential strain at point B increases 
ŐƌĂĚƵĂůůǇ during the forming process, while the meridional strain decreases at first but then increases due to 
the continuous stretching in the circumferential direction and absence of any constraint at the hole edge. 
The absence of constraint and reduced meridional strain near the hole edge cause the occurrence of strain 
peak at the middle of the wall other than at the hole edge shown in Fig. 9(a). Concerning the strain variations 
in the hole-flanging process by T2 as shown in Fig. 11(c) and (d), both meridional strain and circumferential 
strain increase ŐƌĂĚƵĂůůǇ at point A and point B during the forming process. This is because the tool is always 
keeping in contact with the forming area during the whole forming process, which causes the sheet metal to 
deform all the time. In addition, both meridional strain and circumferential strain at point B are greater than 
those at point A. This is because the tool moves from inward to outward during hole-flanging process using 
T2. Point B is at the first forming zone and the degree of deformation will accumulate until the forming 
process finishes. 
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    
                     ?Ă ?ƉŽŝŶƚƵŶĚĞƌd ?                        ?ď ?ƉŽŝŶƚƵŶĚĞƌd ? 
    
                     ?Đ ?ƉŽŝŶƚƵŶĚĞƌd ?                           ?Ě ?ƉŽŝŶƚƵŶĚĞƌd ? 
&ŝŐ ? ? ? ?ŽŵƉĂƌŝƐŽŶŽĨnormalƐƚƌĂŝŶǀĂƌŝĂƚŝŽŶƐĚƵƌŝŶŐŚŽůĞ ?ĨůĂŶŐŝŶŐ ? 
 
 dŚƌŽƵŐŚ ?ƚŚŝĐŬŶĞƐƐ ƐŚĞĂƌ ŝƐ ĂŶŽƚŚĞƌ ƵŶŝƋƵĞ ĚĞĨŽƌŵĂƚŝŽŶ ŵŽĚĞ ŝŶ /^& ƉƌŽĐĞƐƐ ? ^ŚĞĂƌ ƐƚƌĂŝŶƐ ŝŶ ďŽƚŚ
ŵĞƌŝĚŝŽŶĂůĂŶĚĐŝƌĐƵŵĨĞƌĞŶƚŝĂůĚŝƌĞĐƚŝŽŶƐĂƌĞŽďƚĂŝŶĞĚĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ? ?&ŽƌƚŚĞŚŽůĞ ?ĨůĂŶŐŝŶŐƉĂƌƚŵĂĚĞ
ďǇd ? ?ƚŚĞŵĂǆŝŵƵŵĐŝƌĐƵŵĨĞƌĞŶƚŝĂůƐŚĞĂƌƐƚƌĂŝŶŝƐŽďƐĞƌǀĞĚĂƚƚŚĞŵŝĚĚůĞƉŽƐŝƚŝŽŶďĞƚǁĞĞŶƚŚĞƚŽƉĞĚŐĞ
ĂŶĚŚŽůĞĞĚŐĞ ?,ŽǁĞǀĞƌ ?ƚŚĞĐŝƌĐƵŵĨĞƌĞŶƚŝĂůƐŚĞĂƌƐƚƌĂŝŶƐƚĂƌƚƐƚŽĚĞĐƌĞĂƐĞĂĨƚĞƌƚŚŝƐƉŽŝŶƚ ?ǁŚŝĐŚŵĂǇďĞ
ĚƵĞ ƚŽ ƚŚĞ ĚĞĐƌĞĂƐŝŶŐ ŽĨ ĐŽŶƚĂĐƚ ƐƚƌĞƐƐ ĂŶĚ ƚŚĞ ĐŽƌƌĞƐƉŽŶĚŝŶŐ ĨƌŝĐƚŝŽŶĂů ĐŽŶĚŝƚŝŽŶ ?ůŽŶŐ ƚŚĞ ŵĞƌŝĚŝŽŶĂů
ĚŝƌĞĐƚŝŽŶ ?ƚŚĞŵĂŐŶŝƚƵĚĞŽĨƐŚĞĂƌƐƚƌĂŝŶŝƐƌĞůĂƚŝǀĞůǇƐŵĂůůĚƵƌŝŶŐƚŚĞǁŚŽůĞƉƌŽĐĞƐƐ ?,ŽǁĞǀĞƌ ?ƚŚĞƐŚĞĂƌƐƚƌĂŝŶ
ĂƚƚŚĞŚŽůĞĞĚŐĞŝŶĐƌĞĂƐĞƐƚŽĂǀĂůƵĞŽĨ ? ? ? ?ǁŚŝĐŚŝŵƉůŝĞƐĂĐŽŶƐŝĚĞƌĂďůĞƐŚĞĂƌŝŶŐĚĞĨŽƌŵĂƚŝŽŶĂƚƚŚĞŚŽůĞ
ĞĚŐĞ ?dŚŝƐŵĂǇďĞďĞĐĂƵƐĞƚŚĂƚǁŚĞŶƚŚĞĨŽƌŵŝŶŐƚŽŽůŝƐĂƉƉƌŽĂĐŚŝŶŐƚŚĞŚŽůĞĞĚŐĞ ?ƚŚĞĂďƐĞŶĐĞŽĨƐŚĞĞƚ
ŵĂƚĞƌŝĂůĂƚƚŚĞŚŽůĞĞĚŐĞƌĞĚƵĐĞƐƚŚĞƌĞƐŝƐƚĂŶĐĞŽĨƐŚĞĞƚŵĞƚĂůĚĞĨŽƌŵĂƚŝŽŶĂůŽŶŐƚŚĞŵĞƌŝĚŝŽŶĂůĚŝƌĞĐƚŝŽŶ ?
DĞƌŝĚŝŽŶĂů ĂŶĚ ĐŝƌĐƵŵĨĞƌĞŶƚŝĂů ƐŚĞĂƌ ƐƚƌĂŝŶƐ ƵŶĚĞƌ d ? ĂƌĞǀĞƌǇ ƐŵĂůů ? ǁŚŝĐŚ ƐƵŐŐĞƐƚƐ ůŝŵŝƚĞĚ ƐŚĞĂƌ
ĚĞĨŽƌŵĂƚŝŽŶŝŶƚŚĞŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐ ? 
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   
 ?Ă ?d ?                                       ?ď ?d ? 
&ŝŐ ? ? ? ?ŽŵƉĂƌŝƐŽŶŽĨshear ƐƚƌĂŝŶĚŝƐƚƌŝďƵƚŝŽŶƐ ? 
  
&ŝŐ ?  ? ? ?Ă ?ĂŶĚ  ?ď ? ŝůůƵƐƚƌĂƚĞ ƚŚĞǀĂƌŝĂƚŝŽŶƐŽĨƐŚĞĂƌstrains with time Ăƚ ƚŚĞƐĞůĞĐƚĞĚƉŽŝŶƚƐƵŶĚĞƌd ? ?
Similar to the normal strains, the shear strains at point A increases to a certain value and ŬĞĞƉƐƐƚĂďůĞ ?tŚŝůĞ
ƚŚĞŵĞƌŝĚŝŽŶĂůƐŚĞĂƌƐƚƌĂŝŶĂƚƉŽŝŶƚĚĞĐƌĞĂƐĞƐĨŝƌƐƚĂŶĚƚŚĞŶŝŶĐƌĞĂƐĞƐ ?dŚŝƐŵĂǇďĞĚƵĞƚŽƚŚĞĂďƐĞŶĐĞŽĨ
ĐŽŶƐƚƌĂŝŶƚĂƚŚŽůĞĞĚŐĞĂŶĚƚŚĞďĞŶĚŝŶŐ ?ƵŶďĞŶĚŝŶŐŽĨƚŚĞƐŚĞĞƚŵĞƚĂůĚƵƌŝŶŐƚŚĞĨŽƌŵŝŶŐƉƌŽĐĞƐƐ ?&ŝŐ ? ? ? ?Đ ?
ĂŶĚ ?Ě ?ƐŚŽǁƚŚĞǀĂƌŝĂƚŝŽŶƐŽĨƐŚĞĂƌstrain components ƵŶĚĞƌd ? ?It can be seen that the two shear strains at 
selected points A and B are much smaller than those under T1, which suggests that the point contact by T1 
could generate larger shear strains than the  “band ? contact created by T2. 
 
 ?Ă ?ƉŽŝŶƚƵŶĚĞƌd ?                       ?ď ?ƉŽŝŶƚƵŶĚĞƌd ? 
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 ?Đ ?ƉŽŝŶƚƵŶĚĞƌd ?                       ?Ě ?ƉŽŝŶƚƵŶĚĞƌd ? 
&ŝŐ ? ? ? ?ŽŵƉĂƌŝƐŽŶŽĨshearƐƚƌĂŝŶǀĂƌŝĂƚŝŽŶƐĚƵƌŝŶŐŚŽůĞ ?ĨůĂŶŐŝŶŐ ? 
 
 ? ?ǆƉĞƌŝŵĞŶƚĂůŝŶǀĞƐƚŝŐĂƚŝŽŶƐ 
 ? ? ?ǆƉĞƌŝŵĞŶƚĂůƚĞƐƚƐĞƚƵƉ 
ǆƉĞƌŝŵĞŶƚĂů ƚĞƐƚƐ ĂƌĞ ĐŽŶĚƵĐƚĞĚ ƚŽǀĂůŝĚĂƚĞ ƚŚĞ ŐĞŽŵĞƚƌŝĐ ĂĐĐƵƌĂĐǇ ? ƚŚŝĐŬŶĞƐƐĚŝƐƚƌŝďƵƚŝŽŶ ? ĨŽƌŵŝŶŐ
ůŽĂĚ ?ĚĞĨŽƌŵĂƚŝŽŶŵĞĐŚĂŶŝƐŵĂŶĚĨƌĂĐƚƵƌĞďĞŚĂǀŝŽƌƵŶĚĞƌĞĂĐŚĨŽƌŵŝŶŐƚŽŽů ?/ŶƚŚĞĞǆƉĞƌŝŵĞŶƚƐ ?Ă ? ?ĂǆŝƐ
EŵŝůůŝŶŐŵĂĐŚŝŶĞis employed to form the designed hole-flanging part. During each forming process, Ă
ďĂĐŬƉůĂƚĞǁŝƚŚĂĚŝĂŵĞƚĞƌŽĨ ? ?ŵŵŝƐƉůĂĐĞĚĂƚƚŚĞďŽƚƚŽŵŽĨƚŚĞƐŚĞĞƚŵĞƚĂůďůĂŶŬƚŽĂǀŽŝĚƚŚĞďĞŶĚŝŶŐ
ŽĨƐŚŽƵůĚĞƌĂƌĞĂĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ?. dŚĞƚŽŽůĨĞĞĚƌĂƚĞĨŽƌĞĂĐŚĨŽƌŵŝŶŐƉƌŽĐĞƐƐŝƐ ? ? ? ?ŵŵ ?ŵŝŶ ?ƵƌŝŶŐ
ƚŚĞĨŽƌŵŝŶŐƉƌŽĐĞƐƐ ?ŐƌĞĂƐĞŝƐƵƐĞĚĂƐůƵďƌŝĐĂŶƚƚŽƌĞĚƵĐĞĨƌŝĐƚŝŽŶŽŶƚŚĞĐŽŶƚĂĐƚƐƵƌĨĂĐĞ ? 
           
                    ?Ă ?d ?                                    ?ď ?d ? 
&ŝŐ ? ? ? ?ǆƉĞƌŝŵĞŶƚĂůƐĞƚƵƉƐ ? 
 ? ? ?'ĞŽŵĞƚƌŝĐĂĐĐƵƌĂĐǇĂŶĚƚŚŝĐŬŶĞƐƐĚŝƐƚƌŝďƵƚŝŽŶ 
dŚĞƉƌŽĨŝůĞƐŽĨƚŚĞĨŝŶĂůƉĂƌƚƐƵŶĚĞƌƚǁŽĚŝĨĨĞƌĞŶƚƚŽŽůƐĂƌĞĞǆĂŵŝŶĞĚĂŶĚƐŚŽǁŶŝŶ&ŝŐ ? ? ? ?Ă ? /ƚĐĂŶďĞ
ĨŽƵŶĚ ƚŚĂƚ ƚŚĞ ƉƌŽĚƵĐĞĚ ĨůĂŶŐĞƐ ďǇ ďŽƚŚ ƚŽŽůƐ ŵĂƚĐŚ ǁĞůů ǁŝƚŚ ƚŚĞ ĚĞƐŝŐŶĞĚ ŐĞŽŵĞƚƌǇ ? ƚŚĞ ŵĂǆŝŵƵŵ
International Journal of Machine Tools & Manufacture, 110 (2016), pp. 1 ?17 
http://dx.doi.org/10.1016/j.ijmachtools.2016.08.003 
21 
 
ĚĞǀŝĂƚŝŽŶŝƐůĞƐƐƚŚĂŶ ?ŵŵ ?dŚĞŐĞŽŵĞƚƌŝĐĚĞǀŝĂƚŝŽŶŽĨƚŚĞƉĂƌƚĨŽƌŵĞĚďǇd ?ŝƐƐůŝŐŚƚůǇůĂƌŐĞƌƚŚĂŶƚŚĂƚďǇ
d ? ?ŝƚ ŵĂǇ ďĞ ĚƵĞ ƚŽ ƚŚĞ ůĂƌŐĞƌ ďĞŶĚŝŶŐ ĚĞĨŽƌŵĂƚŝŽŶ ŐĞŶĞƌĂƚĞĚ ďǇ d ? ?ĞŶĚŝŶŐ ŵĂǇ ĂůƐŽ ƌĞƐƵůƚ ŝŶ ůĂƌŐĞƌ
ƐƉƌŝŶŐďĂĐŬ ?&ƵƌƚŚĞƌŵŽƌĞ ?ŝƚŝƐŽďƐĞƌǀĞĚƚŚĂƚƚŚĞƌĞŝƐŽďǀŝŽƵƐĚŝĨĨĞƌĞŶĐĞŝŶĨŽƌŵŝŶŐĚĞƉƚŚŽĨƚŚĞƚǁŽĨŽƌŵĞĚ
ƉĂƌƚƐ ?dŚĞĨůĂŶŐĞĚƉĂƌƚŽďƚĂŝŶĞĚďǇd ?ĐĂŶƌĞĂĐŚĂĚĞƉƚŚŽĨ ? ?ŵŵǁŚŝůƐƚƚŚĂƚƵŶĚĞƌd ?ŝƐŽŶůǇĂďŽƵƚ ? ?ŵŵ ? 
ŽŶĐĞƌŶŝŶŐƚŚĞƚŚŝĐŬŶĞƐƐĚŝƐƚƌŝďƵƚŝŽŶƐŚŽǁŶŝŶ&ŝŐ ? ? ? ?ď  ?ƚŚĞŵŝŶŝŵƵŵƚŚŝĐŬŶĞƐƐŽĨƚŚĞŚŽůĞ ?ĨůĂŶŐŝŶŐ
ƉĂƌƚĨĂďƌŝĐĂƚĞĚďǇd ?ŝƐĂďŽƵƚ ? ? ? ?ŵŵǁŚŝůĞƚŚĂƚŽďƚĂŝŶĞĚďǇd ?ŝƐ ? ? ?ŵŵ ?/ŶĂĚĚŝƚŝŽŶ ?d ?ĐĂŶĂĐŚŝĞǀĞĂ
ŵŽƌĞ ƵŶŝĨŽƌŵ ƐŚĞĞƚ ƚŚŝĐŬŶĞƐƐ ĚŝƐƚƌŝďƵƚŝŽŶ ƚŚĂŶ ƚŚĂƚ ďǇ d ? ?dŚŝƐ ƌĞƐƵůƚ ƐƵŐŐĞƐƚƐ ƚŚĂƚ d ? ĐŽƵůĚ ƉƌŽĚƵĐĞ Ă
ƐŚŽƌƚĞƌďƵƚƚŚŝĐŬĞƌĨůĂŶŐĞƌŝŵǁŚŝůĞƚŚĂƚďǇd ?ƚŚĞĨůĂŶŐĞŝƐƚĂůůĞƌďƵƚƚŚŝŶŶĞƌ ?ĐŽŶĨŝƌŵŝŶŐƚŚĞƌĞƐƵůƚƐŝŶ&ŝŐ ? ? ? 
      
 ?Ă ? ƐŚĂƉĞĚĞǀŝĂƚŝŽŶ            ?ď ?ƚŚŝĐŬŶĞƐƐĚŝƐƚƌŝďƵƚŝŽŶ 
                           &ŝŐ ? ? ? ?'ĞŽŵĞƚƌŝĐĚĞǀŝĂƚŝŽŶĂŶĚƚŚŝĐŬŶĞƐƐĚŝƐƚƌŝďƵƚŝŽŶ ?  
 ? ? ?&ŽƌŵŝŶŐůŽĂĚ 
dŚĞĨŽƌŵŝŶŐůŽĂĚĐƵƌǀĞƐƵŶĚĞƌd ?ĂŶĚd ?ĂůƐŽƐŚŽǁĚŝĨĨĞƌĞŶƚƉĂƚƚĞƌŶƐŝŶǀĂƌŝĂƚŝŽŶĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ? ?
dŚĞŚŽƌŝǌŽŶƚĂůůŽĂĚĂŶĚǀĞƌƚŝĐĂůůŽĂĚƵŶĚĞƌd ?ŝŶĐƌĞĂƐĞĂƚƚŚĞŝŶŝƚŝĂůƐƚĂŐĞĂŶĚƚŚĞŶƌĞĚƵĐĞĂĨƚĞƌĂƐŚŽƌƚƉĞƌŝŽĚ
ŽĨĐŽŶƐƚĂŶƚƐƚĂŐĞ ?&Žƌd ?ƉƌŽĐĞƐƐ ƚŚĞŚŽƌŝǌŽŶƚĂůůŽĂĚĂŶĚǀĞƌƚŝĐĂůůŽĂĚŝŶĐƌĞĂƐĞŐƌĂĚƵĂůůǇĚƵƌŝŶŐƚŚĞǁŚŽůĞ
ĨŽƌŵŝŶŐƉƌŽĐĞƐƐ ?ƵĞƚŽƚŚĞ “ďĂŶĚ ?ĐŽŶƚĂĐƚŵŽĚĞ ?ƚŚĞŵĂǆŝŵƵŵĨŽƌŵŝŶŐůŽĂĚƵŶĚĞƌd ?ŝƐĂďŽƵƚ ? ?A?ŚŝŐŚĞƌ
ƚŚĂŶƚŚĂƚŽĨd ? ?ĐĐŽƌĚŝŶŐůǇ ?ŚŝŐŚĞƌ ĨŽƌŵŝŶŐ ůŽĂĚŵĂǇƌĞƐƵůƚ ŝŶĂŶ ŝŶĐƌĞĂƐĞĚĚĞĨůĞĐƚŝŽŶĂŶĚƚŽƌƋƵĞŽĨ ƚŚĞ
ĨŽƌŵŝŶŐƚŽŽů ?ǁŚŝĐŚǁŝůůĂĨĨĞĐƚƚŚĞĨŽƌŵŝŶŐƚŽŽůůŝĨĞĂŶĚƌĞĚƵĐĞƚŚĞŐĞŽŵĞƚƌŝĐĂĐĐƵƌĂĐǇŽĨƚŚĞƉĂƌƚ ?dŽƌĞƐŽůǀĞ
ƚŚŝƐƉƌŽďůĞŵ ?ƚŚĞĂƌŵĚŝĂŵĞƚĞƌŽĨd ?ƚŚĂƚŝƐŝŶĚĞƉĞŶĚĞŶƚǁŝƚŚĨŽƌŵŝŶŐƐŚŽƵůĚďĞůĂƌŐĞƌ ?Ğ ?Ő ?ƚǁŝĐĞĂƐƚŚĂƚŽĨ
d ?ŝŶƚŚĞƉƌĞƐĞŶƚǁŽƌŬ ?dŚĞƌĞĨŽƌĞ ?ƚŚĞůĂƌŐĞƌŐĞŽŵĞƚƌŝĐĚĞǀŝĂƚŝŽŶŽĨƚŚĞƉĂƌƚĨŽƌŵĞĚďǇd ?ŝŶƚŚĞƉƌĞǀŝŽƵƐ
ƐĞĐƚŝŽŶ ŚĂƐ ůĞƐƐ ƌĞůĂƚŝŽŶƐŚŝƉ ǁŝƚŚ ƚŚĞ ĚĞĨůĞĐƚŝŽŶ ĐĂƵƐĞĚ ďǇ ƚŚĞ ŚŝŐŚĞƌ ŵĂǆŝŵƵŵ ĨŽƌŵŝŶŐ ůŽĂĚ ƵŶĚĞƌ d ? ?
,ŽǁĞǀĞƌ ?ŝŶďŽƚŚĐĂƐĞƐ ?ƚŚĞŵĂǆŝŵƵŵĨŽƌŵŝŶŐůŽĂĚŝƐůĞƐƐƚŚĂŶ ? ? ? ?EŝŶĞĂĐŚĐĂƐĞ ?ǁŚŝĐŚƐƌĞůĂƚŝǀĞůǇƐŵĂůů
ĐŽŵƉĂƌĞĚǁŝƚŚƚŚĞĐŽŶǀĞŶƚŝŽŶĂůŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐďǇƉƵŶĐŚŝŶŐ ? 
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    
 ?Ă ?d ?                                        ?ď ?d ? 
&ŝŐ ? ? ? ?ŽŵƉĂƌŝƐŽŶŽĨƚŚĞĨŽƌŵŝŶŐůŽĂĚ ? 
 
 ? ? ?^ŚĞĞƚŵĞƚĂůĚĞĨŽƌŵĂƚŝŽŶďĞŚĂǀŝŽƌ 
/ŶŽƌĚĞƌƚŽĞǀĂůƵĂƚĞƚŚĞƐŚĞĞƚĚĞĨŽƌŵĂƚŝŽŶŵĞĐŚĂŶŝƐŵ ?ƐŵĂůůĐŝƌĐůĞƐǁŝƚŚ ?ŵŵĚŝĂŵĞƚĞƌĂƌĞƉƌĞƉĂƌĞĚ
ŽŶƚŚĞƐŚĞĞƚƐƵƌĨĂĐĞďǇůĂƐĞƌŵĂƌŬĞƌ ?ĨƚĞƌŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐ ?ƚŚĞŝŶŝƚŝĂůĐŝƌĐůĞƐĂƌĞĚĞĨŽƌŵĞĚŝŶƚŽĞůůŝƉƐĞƐ ?
dŚĞŝƌ ůĞŶŐƚŚƐĂůŽŶŐŵĂũŽƌĂǆŝƐĂŶĚŵŝŶŽƌĂǆŝƐĂƌĞŵĞĂƐƵƌĞĚ ?By measuring the deformations of ĞůůŝƉƐĞƐ at 
point A and B, defined in the previous section, the meridional strain and circumferential strain in each process 
can be obtained as shown in&ŝŐ ? ? ? ?KŶ ƚŚĞƉĂƌƚŵĂĚĞďǇd ?ĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ? ?Ă ? ?ƚŚĞŵĂũŽƌĚĞĨŽƌŵĂƚŝŽŶ
ĂƚƉŽŝŶƚŝƐĂůŽŶŐƚŚĞŵĞƌŝĚŝŽŶĂůĚŝƌĞĐƚŝŽŶ ?ǁŚŝůĞƚŚĂƚĂƚƉŽŝŶƚŝƐĂůŽŶŐƚŚĞĐŝƌĐƵŵĨĞƌĞŶƚŝĂůĚŝƌĞĐƚŝŽŶ ?dŚĞ
ƐŝŵŝůĂƌƌĞƐƵůƚƐǁĞƌĞĂůƐŽŽďƐĞƌǀĞĚďǇĞŶƚĞŶŽĞƚĂů ? ? ? ? ?ĂŶĚ^ŝůǀĂĞƚĂů ? ? ? ? ? ?/ŶĂĚĚŝƚŝŽŶ ?ƚŚĞŵĞĂƐƵƌĞĚƐƚƌĂŝŶƐ
ĂƌĞǀĞƌǇĐůŽƐĞƚŽƚŚŽƐĞŽďƚĂŝŶĞĚĨƌŽŵĨŝŶŝƚĞĞůĞŵĞŶƚƐŝŵƵůĂƚŝŽŶĂƐŐŝǀĞŶŝŶ&ŝŐ ? ? ? ?KŶ ƚŚĞƉĂƌƚŵĂĚĞďǇd ?
ƐŚŽǁŶŝŶ&ŝŐ ? ? ? ?ď ? ?ŶĞŐĂƚŝǀĞŵĞƌŝĚŝŽŶĂůƐƚƌĂŝŶƐĐĂŶďĞŽďƐ ƌǀĞĚĂƚďŽƚŚƉŽŝŶƚĂŶĚ ?dŚĞĐŝƌĐƵŵĨĞƌĞŶƚŝĂů
ƐƚƌĂŝŶĂƚƉŽŝŶƚŝƐůĞƐƐƚŚĂŶ ? ? ? ?ǁŚŝůĞƚŚĂƚĨŽƌƉŽŝŶƚŝƐĂďŽƵƚ ? ? ? ?dŚĞƐĞƌĞƐƵůƚƐĂƌĞĐŽƌƌĞůĂƚĞĚǁĞůůǁŝƚŚƚŚĞ
ƐƚƌĂŝŶĚŝƐƚƌŝďƵƚŝŽŶƐŽďƚĂŝŶĞĚďǇŶƵŵĞƌŝĐĂůƐŝŵƵůĂƚŝŽŶ ? 
   
         (a) T1                      (b) T2 
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     Fig. 17. The strain components at the selected positions. 
 
dŚĞƚŚƌŽƵŐŚ ?ƚŚŝĐŬŶĞƐƐƐŚĞĂƌĚĞĨŽƌŵĂƚŝŽŶŝƐĂůƐŽĞǀĂůƵĂƚĞĚĞǆƉĞƌŝŵĞŶƚĂůůǇ ?^ŵĂůůŚŽůĞƐǁŝƚŚĂĚŝĂŵĞƚĞƌ
ŽĨ ? ? ?ŵŵĂƌĞĚƌŝůůĞĚŝŶƚŚĞƐŚĞĞƚƐďǇŵŝĐƌŽDďĞĨŽƌĞĚĞĨŽƌŵĂƚŝŽŶĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ? ?Ă ? ?/ŶƚŚŝƐǁĂǇ ?ƚŚĞ
ĚĞĨŽƌŵĂƚŝŽŶĐĂŶďĞŝŶǀĞƐƚŝŐĂƚĞĚďǇĂŶĂůǇǌŝŶŐƚŚĞĚĞĨŽƌŵĞĚŚŽůĞĐŽŶĨŝŐƵƌĂƚŝŽŶ ?,ŽǁĞǀĞƌ ?ĂƐƚŚĞĚƌŝůůĞĚŚŽůĞ
ĂƚƉŽŝŶƚŶĞĂƌƚŚĞƉƌĞ ?ĐƵƚŚŽůĞǁŝůůĐĂƵƐĞĐƌĂĐŬ ?ŽŶůǇƚŚƌŽƵŐŚ ?ƚŚŝĐŬŶĞƐƐƐŚĞĂƌĂƚƉŽŝŶƚŝƐŝŶǀĞƐƚŝŐĂƚĞĚ ?KŶ
ƚŚĞ ƉĂƌƚ ŵĂĚĞ ďǇ d ? ĂƐ ƐŚŽǁŶ ŝŶ &ŝŐ ?  ? ? ?ď ? ĂŶĚ  ?Đ ? ? ƐƚƌĞƚĐŚŝŶŐ ĐĂŶ ďĞ ŽďƐĞƌǀĞĚ ŝŶ ďŽƚŚ ŵĞƌŝĚŝŽŶĂů ĂŶĚ
ĐŝƌĐƵŵĨĞƌĞŶƚŝĂůĚŝƌĞĐƚŝŽŶƐ ?ǁŚŝĐŚĂƌĞƐŝŵŝůĂƌƚŽƚŚĞƌĞƐƵůƚƐŝŶ&ŝŐ ? ? ? ?Ă ? ?/ŶĂĚĚŝƚŝŽŶ ?ďĞŶĚŝŶŐĐĂŶďĞŽďƐĞƌǀĞĚ
ĂůŽŶŐƚŚĞŵĞƌŝĚŝŽŶĂůĚŝƌĞĐƚŝŽŶǁŚŝůĞƐŚĞĂƌŝŶŐĐĂŶďĞŽďƐĞƌǀĞĚĂůŽŶŐƚŚĞĐŝƌĐƵŵĨĞƌĞŶƚŝĂůĚŝƌĞĐƚŝŽŶ ?dŚŝƐƌĞƐƵůƚ
ŝƐĐŽŶƐŝƐƚĞŶƚǁŝƚŚƚŚĞŽďƐĞƌǀĂƚŝŽŶ ŝŶ&ŝŐ ?  ? ? ?Ă ? ?&Žƌ ƚŚĞƉĂƌƚŵĂĚĞďǇd ?ŐŝǀĞŶŝŶ&ŝŐ ?  ? ? ?Ě ?ĂŶĚ ?Ğ ? ?ƐůŝŐŚƚ
ďĞŶĚŝŶŐĐĂŶďĞŽďƐĞƌǀĞĚĂůŽŶŐƚŚĞŵĞƌŝĚŝŽŶĂůĚŝƌĞĐƚŝŽŶ ?ůŽŶŐƚŚĞĐŝƌĐƵŵĨĞƌĞŶƚŝĂůĚŝƌĞĐƚŝŽŶ ?ƚŚĞƌĞŝƐŽŶůǇ
ůŝŵŝƚĞĚ ƐƚƌĞƚĐŚŝŶŐ ? ǁŚŝĐŚ ŝƐ ĐŽŶƐŝƐƚĞŶƚǁŝƚŚ ƚŚĞ ƌĞƐƵůƚŝŶ &ŝŐ ?  ? ? ?ď ? ?,ŽǁĞǀĞƌ ? ŶŽŽďǀŝŽƵƐ ƐŚĞĂƌŝŶŐ ĐĂŶ ďĞ
ŽďƐĞƌǀĞĚ ĂůŽŶŐ ƚŚĞ ŵĞƌŝĚŝŽŶĂů ĚŝƌĞĐƚŝŽŶ ĂŶĚ ĐŝƌĐƵŵĨĞƌĞŶƚŝĂů ĚŝƌĞĐƚŝŽŶ ? ǁŚŝĐŚ ŝƐ ĂůƐŽ ĐŽŶƐŝƐƚĞŶƚ ǁŝƚŚ ƚŚĞ
ŽďƐĞƌǀĂƚŝŽŶŝŶ&ŝŐ ? ? ? ?ď ? ? 
 
 
 ?Ă ?ŝŶŝƚŝĂůŚŽůĞ 
      
                    ?ď ?ŵĞƌŝĚŝŽŶĂůĚŝƌĞĐƚŝŽŶ ?d ? ?          ?Đ ?ĐŝƌĐƵŵĨĞƌĞŶƚŝĂůĚŝƌĞĐƚŝŽŶ ?d ? ? 
PP 
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   
                   ?Ě ?ŵĞƌŝĚŝŽŶĂůĚŝƌĞĐƚŝŽŶ ?d ? ?         ?Ğ ?ĐŝƌĐƵŵĨĞƌĞŶƚŝĂůĚŝƌĞĐƚŝŽŶ ?d ? ? 
&ŝŐ ? ? ? ?dŚĞĚĞĨŽƌŵĂƚŝŽŶŽĨĚƌŝůůĞĚŚŽůĞƐďĞĨŽƌĞĂŶĚĂĨƚĞƌ ĂĐŚĨŽƌŵŝŶŐƉƌŽĐĞƐƐ ? 
 
&ŝŐ ? ? ?ƐŚŽǁƐƚŚĞĨŝŶĂůĨŽƌŵĞĚƉĂƌƚƐďǇƚŚĞƚǁŽ/^&ŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐĞƐ ?ƚŚĞĨŽƌŵŝŶŐĚĞƉƚŚŽĨƚŚĞ
ƉĂƌƚŽďƚĂŝŶĞĚďǇd ?ŝƐŽďǀŝŽƵƐůǇŚŝŐŚĞƌƚŚĂŶƚŚĂƚŽďƚĂŝŶĞĚďǇd ? ?/ŶĂĚĚŝƚŝŽŶ ?ƚŚĞƐŚĂƉĞŽĨƚŚĞŚŽůĞĞĚŐĞŝƐ
ĂůƐŽƋƵŝƚĞĚŝĨĨĞƌĞŶƚ ?hŶĚĞƌd ? ?ƚŚĞŝŶŶĞƌƐƵƌĨĂĐĞŽĨƚŚĞĨůĂŶŐĞĚǁĂůůŝƐŵƵĐŚŚŝŐŚĞƌƚŚĂŶƚŚĞŽƵƚĞƌƐƵƌĨĂĐĞ ?
ǁŚŝĐŚ ŝŵƉůŝĞƐ ƐĞǀĞƌĞ ƐŚĞĂƌ ĚĞĨŽƌŵĂƚŝŽŶ ĂůŽŶŐ ƚŚĞ ŵĞƌŝĚŝŽŶĂů ĚŝƌĞĐƚŝŽŶ ? ,ŽǁĞǀĞƌ ? ƵŶĚĞƌd ? ? ŶŽ ŽďǀŝŽƵƐ
ƐŚĞĂƌŝŶŐŝƐŽďƐĞƌǀĞĚĂƚƚŚĞŚŽůĞĞĚŐĞ ? 
 
                                          ?Ă ?d ? 
 
                                          ?ď ?d ? 
&ŝŐ ? ? ? ?ŽŵƉĂƌŝƐŽŶŽĨƚŚĞĨŝŶĂůĨŽƌŵĞĚƉĂƌƚƐ ? 
 
 ? ? ?&ƌĂĐƚƵƌĞďĞŚĂǀŝŽƌ  
In order to obtain the fracture in the ISF hole-flanging process, a hole-flanging feature with larger 
expansion rate is specifically designed, as shown in Fig. 20. This feature cannot be directly achieved by using 
either T1 or T2 due to deeper vertical wall compared with that shown in Fig. 7(a). In this way, the fracture 
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behavior in each process can be investigated.  
 
Fig. 20. The designed geometric profile for fracture analysis. 
By adopting one single pass ISF strategy described in Fig. 2, the fractured parts are obtained shown in 
Fig. 21. &ŝŐ ?  ? ? ?Ă ? ƐŚŽǁƐƚŚĞ ĨƌĂĐƚƵƌĞĚƉĂƌƚƵŶĚĞƌd ?ǁŝƚŚ ƚŚĞ ĨŽƌŵŝŶŐĂŶŐůĞ ƌĞĂĐŚŝŶŐĂďŽƵƚ  ? ?ǑĂŶĚ ƚŚĞ
ĨŽƌŵŝŶŐĚĞƉƚŚŽĨ ? ?ŵŵ ? dŚĞĨƌĂĐƚƵƌĞƵŶĚĞƌd ?ŽĐĐƵƌƐŚŽƌŝǌŽŶƚĂůůǇŽŶƚŚĞŝŶĐůŝŶĞĚǁĂůůĂŶĚĂǁĂǇĨƌŽŵƚŚĞ
ŚŽůĞ ĞĚŐĞ ? ǁŚŝĐŚ ŝƐ ƐŝŵŝůĂƌ ƚŽ ĐŽŶǀĞŶƚŝŽŶĂů /^& ƉƌŽĐĞƐƐ ĚƵĞ ƚŽ ƚŚĞ ŵĂǆŝŵƵŵ ƉƌŝŶĐŝƉĂů ƐƚƌĞƐƐ ĂůŽŶŐ ƚŚĞ
ŵĞƌŝĚŝŽŶĂůĚŝƌĞĐƚŝŽŶ ?The cross-section of the fracture area shows that the fractured thickness is reduced 
from 1.0 mm to 0.21 mm with slight necking. tŚŝůĞƵŶĚĞƌd ? ?ƚŚĞĨƌĂĐƚƵƌĞŽĐĐƵƌƐĂƚƚŚĞŚŽůĞĞĚŐĞǀĞƌƚŝĐĂůůǇ
ĚƵĞƚŽƚŚĞŵĂǆŝŵƵŵƉƌŝŶĐŝƉĂůƐƚƌĞƐƐŝŶƚŚĞĐŝƌĐƵŵĨĞƌĞŶƚŝĂůĚŝƌĞĐƚŝŽŶ ?dŚĞĨŽƌŵŝŶŐĂŶŐůĞƌĞĂĐŚĞƐ ? ?ǑĂŶĚƚŚĞ
ĨŽƌŵŝŶŐĚĞƉƚŚ ŝƐ  ? ?ŵŵ ?ĂƐƐŚŽǁŶŝŶ&ŝŐ ?  ? ?ď ? ?dŚĞĐƌŽƐƐ ?ƐĞĐƚŝŽŶĂůƐŚĂƉĞŽĨƚŚĞĨƌĂĐƚƵƌĞĂƌĞĂƐŚŽǁƐƚŚĞ
ĨƌĂĐƚƵƌĞƚŚŝĐŬŶĞƐƐŝƐƌĞĚƵĐĞĚĨƌŽŵ ? ? ?ŵŵƚŽ ? ? ? ?ŵŵǁŝƚŚŐƌĞĂƚĞƌŶĞĐŬŝŶŐ ?ǁŚŝĐŚŝƐƐůŝŐŚƚůǇŚŝŐŚĞƌƚŚĂŶƚŚĂƚ
ŽĨd ? ?dŚĞ ĨƌĂĐƚƵƌĞ ůŽĐĂƚŝŽŶŽŶĞĂĐŚƉĂƌƚĐŽŶĨŝƌŵƐ ƚŽ ƚŚĞĚŝƐƚƌŝďƵƚŝŽŶŽĨƐƚƌĞƐƐ ƚƌŝĂǆŝĂůŝƚǇďǇƚŚĞĂŶĂůǇƚŝĐĂů
ŵŽĚĞůƵŶĚĞƌd ?ĂŶĚd ?ŝŶ&ŝŐ ? ? ? 
 
       ?Ă ?ĨƌĂĐƚƵƌĞƉĂƌƚƵŶĚĞƌd ?            ?ď ?ĐƌŽƐƐ ?ƐĞĐƚŝŽŶŽĨĨƌĂĐƚƵƌĞĂƌĞĂƵŶĚĞƌd ? 
 
            ?Đ ?ĨƌĂĐƚƵƌĞƉĂƌƚƵŶĚĞƌd ?            ?Ě ?ĐƌŽƐƐ ?ƐĞĐƚŝŽŶŽĨĨƌĂĐƚƵƌĞĂƌĞĂƵŶĚĞƌd ? 
Fig. 21. ŽŵƉĂƌŝƐŽŶŽĨĨƌĂĐƚƵƌĞƐĂŶĚŶĞĐŬŝŶŐďĞŚĂǀŝŽƌƐ ? 
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dŽĨƵƌƚŚĞƌŝŶǀĞƐƚŝŐĂƚĞƚŚĞĨƌĂĐƚƵƌĞŵĞĐŚĂŶŝƐŵ ?ŵƵůƚŝ ?ƉĂƐƐŚŽůĞ ?ĨůĂŶŐŝŶŐƐƚƌĂƚĞŐǇŝƐŝŵƉůĞŵĞŶƚĞĚƵƐŝŶŐ
d ?ƵŶƚŝůĨƌĂĐƚƵƌĞŽĐĐƵƌƐ ?ƵƌŝŶŐƚŚĞƉƌŽĐĞƐƐĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ? ?Ă ? ?ƚŚĞǀĞƌƚŝĐĂůƐ ĞƉǀĂůƵĞŽĨ ? ? ?ŵŵĂŶĚƚŚĞ
ŐĂƉǀĂůƵĞŽĨ ? ? ?ŵŵďĞƚǁĞĞŶƚǁŽƉĂƐƐĞƐĂƌĞƵƐĞĚ ?&Žƌd ?ĂƐƐŚŽǁŶŝŶ&ŝŐ ? ? ? ?ď ? ?ŽŶůǇŽŶĞƉĂƐƐǁŝƚŚƚŚĞƐĂŵĞ
ƐƚĞƉǀĂůƵĞ ŝƐĞŵƉůŽǇĞĚ ?dŚĞŚŽůĞ ?ĞǆƉĂŶƐŝŽŶƌĂƚŝŽZ ?ĂƐĂŶ ŝŶĚŝĐĂƚŽƌŽĨ ƚŚĞ ĨŽƌŵŝŶŐ ůŝŵŝƚ ?ŝƐĐĂůĐƵůĂƚĞĚĂŶĚ
ĐŽŵƉĂƌĞĚĨŽƌƚŚĞƐĞƚǁŽƉƌŽĐĞƐƐĞƐďǇƵƐŝŶŐƋ ? ? ? ? ? P   
0 0/˄ ˅ R D D D           ? ? ? ? 
ǁŚĞƌĞƚŚĞ diameter of the pre-cut hole (D0) is 40 mm, and D is the final achieved diameter. 
 
    
                     ?Ă ?d ?                                 ?ď ?d ? 
Fig. 22. ,ŽůĞ ?ĞǆƉĂŶƐŝŽŶŝůůƵƐƚƌĂƚŝŽŶďǇƚǁŽĚŝĨĨĞƌĞŶƚŚŽůĞ ?ĨůĂŶŐŝŶŐƚŽŽůƐ ? 
 
   dŚĞĨƌĂĐƚƵƌĞŽĐĐƵƌƐǀĞƌƚŝĐĂůůǇĚƵƌŝŶŐŵƵůƚŝ ?ƉĂƐƐ/^&ƵŶĚĞƌd ? ?ĂŶĚƚŚĞĨŽƌŵŝŶŐĚĞƉƚŚŝƐŽďǀŝŽƵƐůǇŚŝŐŚĞƌ
ĂƐƐŚŽǁŶ ŝŶ&ŝŐ ?  ? ? ?dŚĞ ĨŝŶĂůĚŝĂŵĞƚĞƌ ŝƐ  ? ?ŵŵ ? ŝ ?Ğ ? ƚŚĞŚŽůĞ ?ĞǆƉĂŶƐŝŽŶƌĂƚŝŽŝƐ  ? ?A? ?,ŽǁĞǀĞƌ ?ƚŚĞ ĨŝŶĂů
ĚŝĂŵĞƚĞƌŝƐ ? ?ŵŵƵŶĚĞƌd ?ǁŝƚŚĂŚŝŐŚĞƌŚŽůĞ ?ĞǆƉĂŶƐŝŽŶƌĂƚŝŽĨ ? ? ?A? ?dŚŝƐƌĞƐƵůƚƐƵŐŐĞƐƚƐƚŚĂƚĞǀĞŶƵƐŝŶŐ
d ?ǁŝƚŚƚŚĞŵƵůƚŝ ?ƉĂƐƐƐƚƌĂƚĞŐǇ ?ƚŚĞĨŽƌŵŝŶŐůŝŵŝƚŝƐƐƚŝůůŵƵĐŚůŽǁĞƌǁŚĞŶĐŽŵƉĂƌĞĚǁŝƚŚd ?ƵƐŝŶŐŽŶůǇŽŶĞ
ĨŽƌŵŝŶŐƉĂƐƐ ? 
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       Fig. 23. ,ŽůĞ ?ĞǆƉĂŶƐŝŽŶĐŽŵƉĂƌŝƐŽŶďĞƚǁĞĞŶƚŚĞƚǁŽŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐĞƐ ? 
          
dŚĞ ĚŝĨĨĞƌĞŶĐĞ ŽĨ ŚŽůĞ ?ĨůĂŶŐŝŶŐ ĨƌĂĐƚƵƌĞ ďĞŚĂǀŝŽƌƐ ƵŶĚĞƌ d ? ĂŶĚ d ? ĐĂŶ ďĞ ĞǆƉůĂŝŶĞĚ ďǇ ƚŚĞ ǀĂƌŝĞĚ
ĚĞĨŽƌŵĂƚŝŽŶŵĞĐŚĂŶŝƐŵƐ ?hŶĚĞƌd ? ?ƚŚĞĐŽŶƚĂĐƚďĞƚǁĞĞŶƚŚĞƚŽŽůĂŶĚƚŚĞƐŚĞĞƚŵĞƚĂůŝƐůŽĐĂů ?ĐĂƵƐŝŶŐƐƚƌĞƐƐ
ĐŽŶĐĞŶƚƌĂƚŝŽŶ ?ůƚŚŽƵŐŚƚŚĞƚŽŽůǁŝƚŚƐŵĂůůƌĂĚŝƵƐĐŽƵůĚŝŶĐƌĞĂƐĞƚŚĞĚĞĨŽƌŵĂƚŝŽŶƐƚĂďŝůŝƚǇ ?ǁŚŝůĞǁŝƚŚƚŚĞ
ƐƉŝƌĂů ƚŽŽů ƉĂƚŚ ŐŽŝŶŐ ĚŽǁŶǁĂƌĚƐ ? ƚŚĞ ƐŚĞĞƚ ŝƐ ƵŶĂǀŽŝĚĂďůǇ ƐƚƌĞƚĐŚĞĚ ĂůŽŶŐ ƚŚĞ ŵĞƌŝĚŝŽŶĂů ĚŝƌĞĐƚŝŽŶ ĂŶĚ
ďĞĐŽŵĞƐƚŚŝŶŶĞƌ ?hŶĚĞƌd ?ƚŚĞĐŽŶƚĂĐƚďĞƚǁĞĞŶƚŚĞƚŽŽůĂŶĚƚŚĞƐŚĞĞƚŵĞƚĂůŝƐŝŶĂŶĂƌƌŽǁ “ďĂŶĚ ? ?ůƚŚŽƵŐŚ
ƚŚĞƌĂĚŝƵƐŽĨd ?ŝƐůĂƌŐĞƌĂŶĚĚĞĨŽƌŵĂƚŝŽŶŝƐůĞƐƐƐƚĂďůĞƚŚĂŶd ? ?ƚŚĞŵĞƌŝĚŝŽŶĂůƐƚƌĞƚĐŚŝŶŐĐĂŶďĞĂǀŽŝĚĞĚĂŶĚ
ƚŚĞ ŵĂũŽƌ ĚĞĨŽƌŵĂƚŝŽŶ ŝƐ ĂůŽŶŐ ƚŚĞ ĐŝƌĐƵŵĨĞƌĞŶƚŝĂů ĚŝƌĞĐƚŝŽŶ ? dŚŝƐ ĚĞĨŽƌŵĂƚŝŽŶ ŵŽĚĞ ŝƐ ƐŝŵŝůĂƌ ƚŽ ƚŚĞ
ĐŽŶǀĞŶƚŝŽŶĂů ŚŽůĞ ?ĨůĂŶŐŝŶŐ ƉƌŽĐĞƐƐ ďǇ ŚŽůĞ ƉƵŶĐŚŝŶŐ ? ďƵƚ ĂĚǀĂŶƚĂŐĞŽƵƐ ĨŽƌ /^& ĨůĂŶŐŝŶŐ ŝƐ ƚŚĞ ĞŶŚĂŶĐĞĚ
ĨůĞǆŝďŝůŝƚǇĚƵĞƚŽůŽĐĂůŝǌĞĚĚĞĨŽƌŵĂƚŝŽŶ ? 
 
 ? ? ?ŝƐĐƵƐƐŝŽŶƐ 
ǇĐŚĂŶŐŝŶŐƚŚĞŬĞǇŐĞŽŵĞƚƌǇŽĨƚŚĞ/^&ĨůĂŶŐŝŶŐƚŽŽůǁŝƚŚĂĐŽŶĐĂǀĞĂƌĐƐĞĐƚŝŽŶ ?ĂĚŝĨĨĞƌĞŶƚĐŽŶƚĂĐƚĂŶĚ
ďŽƵŶĚĂƌǇ ĐŽŶĚŝƚŝŽŶƐ ĐĂŶ ďĞ ŽďƚĂŝŶĞĚ ƵŶĚĞƌ d ? ŝŶ /^& ďĂƐĞĚ ŚŽůĞ ?ĨůĂŶŐŝŶŐ ƉƌŽĐĞƐƐ ? dŚĞ  “ďĂŶĚ ? ĐŽŶƚĂĐƚ
ƌĞƉůĂĐĞƐƚŚĞƉŽŝŶƚĐŽŶƚĂĐƚƵƐŝŶŐƚŚĞĐŽŶǀĞŶƚŝŽŶĂů/^&ƚŽŽů ?ĞŶĞĨŝƚĞĚĨƌŽŵƚŚŝƐŶĞǁƚǇƉĞŽĨĐŽŶƚĂĐƚĐŽŶĚŝƚŝŽŶ ?
ƚŚĞƐŚĞĞƚŵĞƚĂůĐĂŶďĞďĞŶƚĂŶĚĞǆƉĂŶĚĞĚŽƚŚĞƌƚŚĂŶĞǆƚƌĞŵĞůǇƐƚƌĞƚĐŚĞĚ ?dŚĞŶĞǁĚĞĨŽƌŵĂƚŝŽŶŵŽĚĞŵĂǇ
ƌĞƐƵůƚ ŝŶ ĚŝĨĨĞƌĞŶƚ ĨŽƌŵŝŶŐ ƐŚĂƉĞ ? ƚŚŝĐŬŶĞƐƐ ĚŝƐƚƌŝďƵƚŝŽŶ ĂŶĚ ĨŽƌŵŝŶŐ ůŽĂĚ ŝŶ ƚŚĞ /^& ĨůĂŶŐŝŶŐ ƉƌŽĐĞƐƐ. 
Specifically, extreme thinning can be avoided under T2. ,ŽǁĞǀĞƌ ?ĚƵĞƚŽƚŚĞǀŽůƵŵĞĐŽŶƐĞƌǀĂƚŝŽŶƉƌŝŶĐŝƉůĞ ?
ƚŚĞƚŚŝĐŬĞƌǁĂůůĞĚĨůĂŶŐĞŵĞĂŶƐĂƌĞĚƵĐĞĚŚĞŝŐŚƚŽĨƚŚĞĨůĂŶŐĞ ? 
ŝĨĨĞƌĞŶƚĨƌŽŵd ? ?d ?ĐŽƵůĚŐĞŶĞƌĂƚĞĂĚŝĨĨĞƌĞŶƚƐŚĞĞƚĚĞĨŽƌŵĂƚŝŽŶŵŽĚĞ ?/ŶƚŚĞĂƌĞĂĨĂƌĂǁĂǇĨƌŽŵƚŚĞ
ƉƌĞ ?ĐƵƚŚŽůĞ ?ďĞŶĚŝŶŐĂůŽŶŐƚŚĞmeridional direction is the dominant deformation mode. ,ŽǁĞǀĞƌŝŶƚŚĞĂƌĞĂ
ŶĞĂƌƚŚĞŚŽůĞ ?ƚŚĞŵĂũŽƌĚĞĨŽƌŵĂƚŝŽŶŵŽĚĞŝƐƐŚŝĨƚĞĚƚŽĐŝƌĐƵŵĨĞƌĞŶƚŝĂůƐƚƌĞƚĐŚŝŶŐ ?hŶĚĞƌd ? ?ĨŽƌƚŚĞƌĞŐŝŽŶ
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ĨĂƌĂǁĂǇĨƌŽŵƚŚĞƉƌĞ ?ĐƵƚŚŽůĞ ?ƚŚĞmeridional ƐƚƌĞƚĐŚŝŶŐand the circumferential through-thickness shear 
are the main deformation mode, which is the same as ĐŽŶǀĞŶƚŝŽŶĂů/^&ĚĞĨŽƌŵĂƚŝŽŶŽďƐĞƌǀĞĚďǇ>ƵĞƚĂů ? ? ? ? ?
,ŽǁĞǀĞƌ ? ǁŚĞŶ ƚŚĞ ƚŽŽů ĂƉƉƌŽĂĐŚĞƐ ƚŚĞ ŚŽůĞ ĞĚŐĞ ? ƚŚĞ ĚŽŵŝŶĂŶƚ ĚĞĨŽƌŵĂƚŝŽŶ ďĞĐŽŵĞƐ ĐŝƌĐƵŵĨĞƌĞŶƚŝĂů
ƐƚƌĞƚĐŚŝŶŐ ĂŶĚ meridional shearing, which is different from the ĐŽŶǀĞŶƚŝŽŶĂů /^& ƉƌŽĐĞƐƐ ? dŚĞ ǀĂƌŝĞĚ
ĚĞĨŽƌŵĂƚŝŽŶŵŽĚĞůĂĐĐŽƵŶƚƐĨŽƌƚŚĞĚŝĨĨĞƌĞŶĐĞŽĨƚŚĞƉĂƌƚƐŽďƚĂŝŶĞĚďǇd ?ĂŶĚd ?ŝŶƚŚĞĂƐƉĞĐƚƐŽĨŐĞŽŵĞƚƌǇ ?
ƚŚŝĐŬŶĞƐƐĚŝƐƚƌŝďƵƚŝŽŶĂŶĚĨŽƌŵŝŶŐůŽĂĚ ? 
dŚĞ ŝŵƉƌŽǀĞĚ ĨŽƌŵĂďŝůŝƚǇ ƵŶĚĞƌ d ? ƌĞƐƵůƚƐ ŝŶ Ă ŐƌĞĂƚĞƌ ŚŽůĞ ?ĞǆƉĂŶƐŝŽŶ ƌĂƚŝŽ ŝŶĚŝĐĂƚŝŶŐ ĂŶ ŝŵƉƌŽǀĞĚ
ĨŽƌŵĂďŝůŝƚǇ ? tŝƚŚ ďĞŶĚŝŶŐĂƚ ŝŶŝƚŝĂů ĨŽƌŵŝŶŐ ƐƚĂŐĞ ? ƚŚĞŽǀĞƌ ?ƐƚƌĞƚĐŚŝŶŐ ĐĂŶ ďĞ ĂǀŽŝĚĞĚ ? ĂŶĚ ƚŚĞ ĨŝŶĂů ŚŽůĞ ?
ĞǆƉĂŶƐŝŽŶ ƌĂƚŝŽ ŝƐ ŵƵĐŚ ŚŝŐŚĞƌ ƚŚĂŶ ƚŚĂƚ ďǇ d ? ĞǀĞŶ ǁŚĞŶ ƵƐŝŶŐ ŵƵůƚŝ ?ƉĂƐƐ ƚŽŽů ƉĂƚŚ ƐƚƌĂƚĞŐǇ ? dŚĞ
ŝŶǀĞƐƚŝŐĂƚŝŽŶŝŶƚŚŝƐǁŽƌŬƐƵŐŐĞƐƚƐƚŚĂƚd ?ŚĂƐŽďǀŝŽƵƐĂĚǀĂŶƚĂŐĞƐĐŽŵƉĂƌĞĚǁŝƚŚd ? ?>ĞƐƐĨŽƌŵŝŶŐƐƚĞƉƐĂƌĞ
ƌĞƋƵŝƌĞĚǁŝƚŚŝŵƉƌŽǀĞĚĨŽƌŵŝŶŐĞĨĨŝĐŝĞŶĐǇƵŶĚĞƌd ? ?/ŶĂĚĚŝƚŝŽŶ ?ĂŵŝůůŝŶŐĐƵƚƚĞƌĐĂŶďĞĚĞƐŝŐŶĞĚĂƚƚŚĞƚŽŽů
ŚĞĂĚƚŽƉƌĞƉĂƌĞƚŚĞƉƌĞ ?ĐƵƚŚŽůĞǁŝƚŚŽƵƚƚŚĞŶĞĞĚŽĨĐŚĂŶŐŝŶŐƚŚĞƚŽŽů ?ĂŶĚƚŚĞĨŽƌŵŝŶŐůŽĂĚŝƐƐƚŝůůǁŝƚŚŝŶ
ƚŚĞĂĐĐĞƉƚĂďůĞƌĂŶŐĞŽĨŵĂĐŚŝŶŝŶŐĐĞŶƚĞƌ ?dŚŝƐŵĞĂŶƐƚŚĂƚĐŽŶǀĞŶƚŝŽŶĂů/^&ĨŽƌŵŝŶŐĞƋƵŝƉŵĞŶƚƐƵĐŚĂƐE
ŵŝůůŝŶŐŵĂĐŚŝŶĞŽƌƌŽďŽƚĐĂŶĂůƐŽďĞƵƐĞĚĨŽƌƚŚĞŶĞǁŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐďǇƵƐŝŶŐd ?  
ŽŶĐĞƌŶŝŶŐƚŚĞĚŝƐĂĚǀĂŶƚĂŐĞƐŽĨd ? ?ƚŚĞƚŽŽůƌĂĚŝƵƐŶĞĞĚƐƚŽŵĂƚĐŚƚŚĞĚĞƐŝŐŶĞĚŐĞŽŵĞƚƌǇŽĨƚŚĞĨůĂŶŐĞ ?
ĂŶĚƚŚŝƐǁŝůůƌĞĚƵĐĞƚŚĞƉƌŽĐĞƐƐĨůĞǆŝďŝůŝƚǇ ?ŶŽƚŚĞƌƉŽƚĞŶƚŝĂůƉƌŽďůĞŵŝƐĨŽƌŵŝŶŐƚŚĞĨůĂŶŐĞĨĞĂƚƵƌĞǁŝƚŚĂ
ƐŵĂůůƌĂĚŝƵƐ ?ŝŶǁŚŝĐŚƚŚĞƐŚĞĞƚŵĞƚĂůŵĂǇŶŽƚďĞĚŝƌĞĐƚůǇďĞŶƚƵŶĚĞƌƚŚĞƐŵĂůůĐŽŶĐĂǀĞƌĂĚŝƵƐ ?/ŶŽƌĚĞƌƚŽ
ƐŽůǀĞ ƚŚŝƐ ƉƌŽďůĞŵ ? ŵƵůƚŝ ?ƉĂƐƐ ŚŽůĞ ?ĨůĂŶŐŝŶŐ ƐƚƌĂƚĞŐǇ ŵĂǇ ďĞ ƵƐĞĚ ĂƐ Ă ƉŽƚĞŶƚŝĂů ƐŽůƵƚŝŽŶ ? ƚŽ ŐĞŶĞƌĂƚĞĂ
ƉƌĞĨŽƌŵŚŽůĞĨůĂŶŐĞĨĞĂƚƵƌĞǁŝƚŚĂůĂƌŐĞƌƌĂĚŝƵƐĨŝƌƐƚĂŶĚƚŚĞŶƚŽŐƌĂĚƵĂůůǇƌĞĚƵĐĞƚŚŝƐƌĂĚŝƵƐďǇƌĞƉĞĂƚŝŶŐƚŚĞ
ƐĂŵĞƉƌŽĐĞƐƐďƵƚƵƐŝŶŐĂŶŽƚŚĞƌƚŽŽůǁŝƚŚƐŵĂůůĞƌƌĂĚŝƵƐ ? 
 
 ? ?ŽŶĐůƵƐŝŽŶƐ 
/Ŷ ƚŚĞ ƉƌĞƐĞŶƚ ǁŽƌŬ ? Ă ŶĞǁ/^& ĨůĂŶŐŝŶŐ ƚŽŽů ŚĂƐ ďĞĞŶ ĚĞǀĞůŽƉĞĚ ĂŶĚ ǀĂůŝĚĂƚĞĚ ? ĂƐĞĚŽŶ ƚŚĞ
ĐŽŵƉĂƌĂƚŝǀĞƐƚƵĚŝĞƐďǇĂŶĂůǇƚŝĐĂůŵŽĚĞůŝŶŐ ?ŶƵŵĞƌŝĐĂůƐŝŵƵůĂƚŝŽŶĂŶĚĞǆƉĞƌŝŵĞŶƚ ?ƚŚĞƵŶŝƋƵĞĚĞĨŽƌŵĂƚŝŽŶ
ŵŽĚĞƵŶĚĞƌƚŚĞŶĞǁĨůĂŶŐŝŶŐƚŽŽůŚĂƐďĞĞŶĐŚĂƌĂĐƚĞƌŝǌĞĚ ?dŚĞĐŽŶĐůƵƐŝŽŶƐĂƌĞƐƵŵŵĂƌŝǌĞĚĂƐĨŽůůŽǁƐ ? 
ŽŵƉĂƌĞĚǁŝƚŚƚŚĞƚƌĂĚŝƚŝŽŶĂůƚŽŽů ?ƚŚĞŶĞǁƚŽŽůƌĞƐƵůƚƐŝŶŵŽƌĞǀĂƌŝĞĚƐƚƌĞƐƐƐƚĂƚĞǁŚŝĐŚŝƐƐĞŶƐŝƚŝǀĞ
ƚŽƚŚĞƉƌŽĐĞƐƐƉĂƌĂŵĞƚĞƌƐ ? 
     ŝƌĐƵŵĨĞƌĞŶƚŝĂůƐƚƌĞƚĐŚŝŶŐĂŶĚŵĞƌŝĚŝŽŶĂůďĞŶĚŝŶŐĚĞĨŽƌŵĂƚŝŽŶŽĐĐƵƌĚƵƌŝŶŐƚŚĞŚŽůĞ ?ĨůĂŶŐŝŶŐƉƌŽĐĞƐƐ ?
ĂŶĚƚŚĞƚŽŽů ?ƐŚĞĞƚĐŽŶƚĂĐƚĂƌĞĂƵŶĚĞƌƚŚĞŶĞǁƚŽŽůŝƐŵƵĐŚůĂƌŐĞƌ ? 
>ĞƐƐŽďǀŝŽƵƐƚŚƌŽƵŐŚ ?ƚŚŝĐŬŶĞƐƐƐŚĞĂƌŝŶŐĚĞĨŽƌŵĂƚŝŽŶĐĂŶďĞŽďƐĞƌǀĞĚƵŶĚĞƌƚŚĞŶĞǁƚŽŽů ? 
dŚĞ ŶĞǁ ƚŽŽů ĐĂŶ ĨŽƌŵ ƉĂƌƚ ǁŝƚŚ ŵŽƌĞ ƵŶŝĨŽƌŵ ƚŚŝĐŬŶĞƐƐ ĚŝƐƚƌŝďƵƚŝŽŶ ? ĂŶĚ ĂǀŽŝĚ ĞǆƚƌĞŵĞ ƚŚŝŶŶŝŶŐ
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ĐĂƵƐĞĚďǇƚŚĞƚƌĂĚŝƚŝŽŶĂůƚŽŽů ? 
dŚĞŶĞǁĨůĂŶŐŝŶŐƚŽŽůŝŶĐƌĞĂƐĞƐƚŚĞŚŽůĞ ?ĞǆƉĂŶƐŝŽŶƌĂƚŝŽďǇ ? ? ?A? ? 
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